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RESUMO EXPANDIDO

Introducao

Veiculos aéreos nao tripulados sao capazes de se locomover de forma autbnoma,
através de planos de vdo pré-programados, ou podem ser controlados remotamente
por um usuario. Popularmente conhecidos como drones, estes veiculos conquistaram
sua fama nos ultimos anos em uma vasta gama de aplica¢des, como fotografia, ma-
peamento de terrenos e inspecao de construgdes civis. A aplicacao de veiculos aéreos
nao-tripulados no transporte de carga € um dos setores com maior potencial de cresci-
mento, por apresentarem diversas vantagens em relacdo a logistica convencional,
como menor custo e menor emissdo de gases poluentes. Estas vantagens desper-
taram o interesse em pesquisas relacionadas ao transporte de carga através de drones,
como o desenvolvimento de novos métodos de controle, o aperfeicoamento da eficién-
cia e autonomia de baterias e o desenvolvimento de mecanismos que facilitem a coleta
e entrega de pacotes.

Objetivos

O obijetivo principal desta dissertacdo € o desenvolvimento de um mecanismo para
0 acoplamento rapido de um veiculo aéreo nao tripulado a um corpo externo. Como
forma de garantir que seja atingido o objetivo principal, os seguintes objetivos especi-
ficos foram definidos: avaliar o estado da arte de tecnologias utilizadas no transporte
de cargas através de drones, e de plataformas de pouso para drones; estabelecer as
caracteristicas desejadas para estas aplicacdes, bem como as limitagdes e desvanta-
gens desses sistemas; desenvolver um novo mecanismo capaz de acoplar um drone
a um corpo externo de forma autbnoma ou remota; realizar a otimizagdo das dimen-
sbes da nova topologia com base nas restricbes geométricas impostas pelo drone;
realizar a andlise estatica do mecanismo para avaliar o0 seu comportamento e esforcos
envolvidos durante o uso.

Metodologia

O desenvolvimento do mecanismo foi dividido em seis etapas. A primeira etapa con-
siste na revisao bibliogréafica de técnicas para realizar o transporte aéreo de carga. Em
seguida, é realizado um levantamento do estado da arte de plataformas de pouso para
drones, ressaltando as caracteristicas desejaveis, bem como as limitacées e desvanta-
gens de cada sistema. E realizada ainda uma pesquisa de conceitos de funcionamento
de grippers utilizados em conjunto aos drones, e mecanismos de trava frequentemente
utilizados em robdtica.

Através da revisao bibliografica, é possivel prosseguir para a segunda etapa, que con-
siste na listagem dos requisitos de projeto para o novo mecanismo, bem como as
caracteristicas desejaveis. Estes requisitos sdo utilizados na terceira etapa, composta
pela sintese do numero e do tipo, onde sdao enumerados todas as cadeias cinematicas
que atendem os requisitos estruturais de projeto, e definidos os pares cinematicos com
0S quais a nova topologia sera construida.



A quarta etapa consiste na otimizacao dimensional da topologia desenvolvida nas eta-
pas anteriores. Inicialmente, & desenvolvido um modelo matematico que descreve o
mecanismo através de coordenadas naturais. Em seguida, este modelo matematico é
utilizado para realizar a otimizacao dimensional da topologia através de um algoritmo
genético.

A quinta etapa utiliza os resultados obtidos da otimizagao da topologia para realizar a
andlise estatica através do método de Davies. Dessa forma, é possivel avaliar o com-
portamento e as forcas de reacao nos pares cinematicos durante o uso. Nesta quinta
etapa, sdo realizadas as analises no processo de acoplamento, em que a estética é
calculada ao longo de todo 0 movimento do mecanismo, e durante o transporte aéreo
de um corpo externo. Conhecendo as forcas de reacao nas juntas, € possivel calcu-
lar os esforgos internos de cada elo, e estimar a area da secéo interna de cada elo,
bem como o peso de cada elemento. Finalmente, as analises estaticas séo realizadas
novamente, considerando o peso dos componentes para avaliar os efeitos da forga
gravitacional no comportamento do mecanismo.

A sexta etapa consiste na avaliagao de auto-alinhamento do mecanismo. Nesta etapa,
as restricdes redundantes séo identificadas e eliminadas. Em seguida, € feita uma
nova analise estatica para verificar se ha diferencas nas forcas de reacao dos pares
cinematicos.

Resultados e Discussao

Inicialmente, 0 mecanismo desenvolvido na terceira etapa foi modelado em um soft-
ware CAD, e avaliado em relacdo ao movimento gerado, sendo constatado que a
topologia funciona conforme esperado. O processo de otimizagéo foi realizado con-
siderando as restricdes geométricas impostas por um drone especifico, e resultou
em dimensoes satisfatérias, considerando que ndo ocorrem colisbes com nenhum
elemento do drone durante o processo de acoplamento. A avaliagdo do efeito grav-
itacional sobre as forcas de reacdo nos pares cinematicos foi realizada considerando
trés materiais diferentes. Foi constatado que mesmo materiais leves influenciam os
resultados, e devem ser considerados do dimensionamento da sec¢ao transversal dos
elos. Finalmente, o processo de auto-alinhamento foi implementado de forma a elim-
inar as restricoes redundantes inicialmente presentes, e a nova andlise estatica nao
apresentou diferengas nos resultados em comparagdo com as analises anteriores.

Consideracoes finais

Considerando os resultados obtidos ao longo do desenvolvimento deste trabalho, pode-
se concluir que o desenvolvimento de um novo mecanismo para acoplamento de um
veiculo aéreo nao tripulado e um corpo externo foi bem sucedido. A metodologia
utilizada, apesar da aplicagdo em um drone especifico, € replicavel para outros veiculos,
e 0 mecanismo em si pode ser adaptado para diferentes requisitos.

Palavras-chave: Método de Davies. Otimizagdo Dimensional. Auto-Alinhamento.
Drone. Transporte Aéreo.



ABSTRACT

Unmanned aerial vehicles (UAVs) are increasingly popular among different applications,
mainly due to their mechanical simplicity and relatively low cost. The employment of
UAVs in logistics and transportation of packages has experienced substantial growth
over the last decade and is expected to experience significant growth in the next few
years. However, a coupling method between the UAV and the grounded load is still a
challenge to overcome. This master thesis aims to develop a passive gripper that allows
fast coupling for such applications. The proposed development comprises a state-of-
the-art UAV docking system survey to gather desirable features and requirements. A
bibliographical review on aerial transport through UAVs is also conducted, along with
a review on gripper’s and locking mechanisms working principles and classifications.
Afterwards, a new gripper topology is developed through number and type syntheses. A
dimensional optimization is conducted on the new topology through an evolutionary al-
gorithm, considering the geometrical constraints imposed by a UAV. Once the optimized
topology is defined, the Davies method for static analysis is performed to compute the
reaction forces acting on the kinematic pairs. Since the forces acting on the links are
known, the internal stresses are calculated. An estimate of the cross-section area is
defined, along with a mass estimate for a set of selected materials. Furthermore, a
new static analysis evaluates the effect of gravitational forces on the mechanism. Fi-
nally, a self-alignment analysis is conducted in order to identify and eliminate redundant
constraints, and a new static analysis is performed on the final, self-aligned mecha-
nism, which results in reaction forces coherent to the previous studies. This works
aims to provide researchers and professionals with a methodology for developing and
dimensioning a gripper device for UAV coupling purposes.

Keywords: Davies method. Dimensional optimization. Self-alignment. UAV. Aerial trans-
port.
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1 INTRODUCTION

This chapter introduces the context, objectives, and structure of this master the-
sis. Section 1.1 introduces the current scenario of applications for Unmanned Aerial
Vehicles, including market size and expected growth, as well as the sectors that exten-
sively employ UAVs. Afterwards, Section 1.2 presents the objectives of this research
and Section 1.3 describes the procedures to achieve the objectives. Finally, Section 1.4
presents the content of each chapter that composes this master thesis.

1.1 CONTEXTUALIZATION

As the name implies, an unmanned aerial vehicle (UAV) is an aerial vehicle ca-
pable of flying autonomously through a computer using pre-programmed flight plans or
being controlled remotely by a pilot on the ground. Also known as drones, UAVs became
famous over the last few years, starting with photography and recordings of landscapes,
and they are already being implemented in a wide range of applications, such as agri-
cultural mapping and surveys, buildings and bridges inspections, powerlines monitoring,
parcel delivery, among many others.

In terms of market growth, according to Precedence Research (2021), the UAV
market size was valued at USD 14.3 billion in 2020. The Globe Newswire (2021) esti-
mates the global UAV market will reach USD 27.4 billion in 2021 and will reach USD
58.4 billion by 2026.

The UAV market has been categorized in military, commercial, and consumer
applications. The military sector adopted UAVs for combat and humanitarian aid and
it is currently the biggest UAV market. Nevertheless, the commercial business sector
has the fastest growth record, with the infrastructure sector leading the charts (GUPTA
et al., 2021). According to the Drone Industry Insights (2021), the Energy sector was the
largest industry in the commercial drone market in 2020. Due to UAVs’ growth potential
and market interest, research on UAV-related applications is also increasing rapidly.

Advances in UAV-related topics has also triggered an increase in applications
across various commercial sectors to gather a large amount of real-time information
to make strategic decisions. Farmers are employing UAVs for crop data collection
to help improve crops. The mining industry uses drones for mapping and surveying
construction sites in less time and lower costs than the traditional inspection methods.
Law enforcement agencies and rescue personnel have adopted UAVs for surveillance,
search and rescue, and public safety (GUPTA et al., 2021).

The increasing number of cars and limited road capacity lead the existing ground
transportation infrastructure to more overcrowded levels. Many logistics industries and
big retailers started to explore aerial transport of goods through UAVs to avoid the
inconveniences of terrestrial transport. The global UAV-assisted logistics market is
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increasing rapidly, with around USD 11 billion projected market size until 2026, coming
from USD 5.3 billion in 2019 (PR NEWSWIRE, 2021). The rapid growth of UAV usage
is observed mainly because of the e-commerce market trying to meet the growing
customer expectations of faster delivery. The global health crisis due to Covid-19 has
also contributed to the faster growth of the UAV transport market.

UAV delivery is highly promising for the future of logistics. The Drone Indus-
try Insights (2021) stated that even though the Energy sector is currently the most
prominent UAV market, the Transportation and Warehousing industry leads the growth
rate. UAV delivery has several advantages over conventional delivery methods, such as
lower cost, faster delivery, and produces significantly lesser carbon footprints (YOO; YU;
JUNG, 2018). In this context, many researchers have been working on efficient UAV
transportation strategies in various aspects, such as control methods and techniques,
battery efficiency, lightweight materials, and mechanisms for autonomous collecting of
packages.

1.2 OBJECTIVES

The main objective of this work is to develop a passive gripping mechanism to be
employed with unmanned aerial vehicles capable of attaching the UAV to the payload
remotely. The resulting device could be used in the aerial transport of packages or in the
terrestrial transport of the UAV itself. The following specific objectives were established
to accomplish the main objective:

 To evaluate the current state-of-the-art technologies for remote load transport
through UAVs and UAV docking systems, as well as its current drawbacks, limits,
and challenges;

 To better understand the remote load grasping problem through the state-of-the-
art research;

 To develop a new topology capable of solving the remote load grasping problem
based on the last items’ research;

« To perform the kinematic synthesis of a novel gripping device topology and opti-
mize the dimensions of the obtained topology considering the geometrical con-
straints imposed by the intended applications of the device;

 To perform a static analysis of the developed mechanism to evaluate its effective-
ness.
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1.3 SCOPE OF THIS WORK

To develop the UAV gripping device following the objectives defined for this work,
the following procedures were drawn:

« Initially, a bibliographical review is performed to evaluate the existing devices
capable of fulfilling the same objective of the mechanism to be developed and
other tools and technologies that may contribute to this work, such as docking
systems and locking mechanisms.

» Once the state-of-the-art survey is finished, the features and restrictions of the
existing devices are evaluated, which may serve as a guide to the synthesis
process.

« Finally, the kinematic synthesis is performed considering the project requirements
obtained from the bibliographical review and the desired features for the final
device. Once the new topology has been defined, a dimensional optimization
process is performed considering the geometrical constraints imposed by the
UAV. At last, a static analysis is carried out to evaluate the behavior of the final
mechanism.

1.4 OVERVIEW OF THIS WORK

This master thesis is composed of seven chapters. Chapter 1 presents the
current scenario of UAV applications and growth expectations, which defines this work’s
motivation. The objectives are drawn, and an overview of steps taken to develop this
work is presented.

Chapter 2 presents the bibliographical review that assisted the development.
First, the existing techniques for UAV load transportation are exposed, followed by
existing UAV docking systems and landing platforms. Since the new device’s objective
consists of grasping and holding a payload, a survey of grippers used in UAVs and
locking mechanisms are also presented.

Chapter 3 brings the methodology used to develop the mechanism, so other
researchers can replicate the methodology adopted to create different topologies. The
tools used in the kinematic synthesis process are briefly presented.

Chapter 4 presents the development of the gripping device. The structural re-
quirements are drawn considering the features observed in the state-of-the-art survey
and intended use. The topology of the mechanism is achieved through the number and
type synthesis, and dimensional optimization is performed. Finally, the static analysis is
carried out considering the gripping process and aerial transport.
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In Chapter 5, an estimate of the links’ thickness and weight is carried out through
the static analysis results. Next, another static analysis is performed to evaluate the
gravitational effect of the members’ weight on the mechanism’s behavior.

Chapter 6 consists of the self-alignment analysis of the final mechanism.

Finally, Chapter 7 highlights the main conclusions from the development of the
device, and some ideas for future work are drawn.
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2 BIBLIOGRAPHICAL REVIEW

This chapter aims to present the adopted techniques for load transportation
through UAVs and the state-of-the-art technologies that help develop the new mecha-
nism. Section 2.1 presents the explored techniques for load transport and traces some
advantages and drawbacks. Section 2.2 presents an overview of the concept of dock-
ing systems designed for UAVs, as well as a state-of-the-art survey of these devices.
The major features and limitations of the UAV docking designs are highlighted so that
this information can be helpful in this work’s development. Section 2.3 presents a few
concepts on grippers’ classification and examples of other works incorporating grippers
to UAVs. Section 2.4 presents a brief introduction to locking mechanism’s concept and
desirable features. Next, a survey of the most used locking mechanisms is presented,
with examples of other works that successfully employed them. Finally, section 2.5
concludes the chapter with some final considerations.

2.1 UAV LOAD TRANSPORTATION

UAVs are beneficial in many applications, such as package delivery in urban
areas, application of pesticides in agriculture, and providing supplies in conflict zones.
However, these applications are still challenging because of their inherent instability
and complex dynamics.

Load transportation using UAVs has been accomplished using two major
carrying strategies: cable-suspended load and grasped load (VILLA; BRANDAO;
SARCINELLI-FILHO, 2020). Each of these strategies may be implemented using
individual or cooperative schemes, i. e. the given task is entirely performed by a single
UAV or by a group of UAVs working together.

Figure 1 — Cable-suspended UAV transport.

o Q -
Source: Cruz and Fierro (2017).

The cable-suspended approach comprises connecting the load to the UAV
through a cable, as illustrated in Fig. 1, where a solid is taken from the ground through



Chapter 2. Bibliographical Review 19

a cable to the air. Commonly, this leads to the addition of passive degrees of freedom,
which generates a swinging motion of the load and affects the UAV’s dynamic character-
istics. Moreover, the controller system should handle the weight fluctuations that occur
when the cable tension changes while landing or taking off and their consequences.

From the mechanical point of view, minor enhancements are possible for the
cable-suspended approach. Therefore, most research regarding this kind of system
deals with the controlling aspect. Since the UAV’s controlling method is not within the
scope of this work, it will not be analyzed.

The grasped approach consists in attaching the load to the UAV’s body through
mechanical or electromagnetic grippers, robotic claws, or robotic hands. This option
provides more straightforward ways to attach and detach a load, with easier design
options to capture and deliver a package. On the other hand, this method reduces
rotorcraft agility. Therefore, more thrust is required because of the grasped load, in-
creasing energy consumption, and reducing battery life. Additionally, the center of mass
commonly changes, affecting the controlling balance.

2.2 UAV DOCKING SYSTEMS

Despite the growth in the UAV market and the number of research efforts dedi-
cated to UAVs, the short battery life restricts the applications of such devices. Several
approaches to improve battery capacity have been proposed but still have significant
drawbacks, such as high cost.

Landing platforms for UAVs are among the most promising approaches to extend
their operation time. Besides the explored features, like battery charging or swapping,
platforms could perform other functions as well, such as picking up cargo. Each of
these tasks requires precise positioning and safe locking of the UAV to the platform.
The positioning of the UAV at the desired point starts while the vehicle is still in the air
when the UAV adjusts its position to land. The deviation between the desired landing
position and the achieved position depends on several factors, such as the chosen
landing technique, sensors installed in the UAV, the controlling system’s performance,
and other unpredictable external factors, such as meteorological conditions. A better
positioning can be achieved by influencing the landing platform elements, such as
geometry. This work does not concern the controlling aspect of landing but focuses on
the landing platform elements that provide better accuracy.

The existing landing platforms can be divided into platforms without positioning
and with positioning. Platforms with positioning are further divided into active, passive,
and combined positioning. In platforms with no positioning, the UAV lands relying only
on the accuracy provided by the controlling system. Usually, this type of platform aims
to establish an electrical connection through extensive contacts on the platform. There
were no examples of manipulation tasks performed using this type of platform found
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in the literature. Platforms with active positioning involve mechanisms that move the
UAV to the required position. These mechanisms are selected considering the agility
requirements of positioning. Platforms with passive positioning achieve the UAV’s po-
sitioning through the passive interaction of the platform with the UAV elements, which
transforms the vertical motion of the landing process into horizontal motion. Passive
positioning devices usually use funnels, slopes, inclined edges, among other examples.
A platform with combined positioning adopts the benefits of both active and passive
methods, capable of achieving better accuracy.

Each type of positioning technique can be further divided into sub-types, pre-
sented in Fig. 2. Since the scope of this work is passive mechanisms, each passive
positioning platform is analyzed in more detail, except for the closed contours platforms,
since all examples found in the literature require a unique design.

Figure 2 — Positioning approaches for UAV landing platforms.
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Landing platforms with conical funnels under each leg are relatively well ex-
plored. The funnels may carry out simply the positioning function or contain additional
features, such as electrical contacts, inductors, or fixing devices. Figure 3a presents a
UAV landing platform developed by Antonini, Fici, and Gaspardone (2019), composed
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of a flat surface and four centering funnels. The funnels are coaxial to the UAV legs,
which slide to the UAV’s desired position, where electrical contacts may be located.

Figure 3b presents a landing system designed for an AC power wirelessly-
chargeable device for UAVs, designed by Science and Technology (2016). In this sys-
tem, the UAV legs end with power receiving units. The landing platform is composed of
three funnels to align the UAV and correctly start charging the battery.

Figure 3 — Examples of landing platforms with conical funnels for each leg.
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(a) Landing platform developed by Antonini, Fici, (b) Landing platform developed by Science and
and Gaspardone (2019). Technology (2016).

Landing platforms with a conical funnel for all legs simplify the design of the
landing platform and are commercially available, such as the Sunflower hive, presented
in Fig. 4a. Another example is shown in Fig. 4b, developed by Krauss and Kliner (2020),
which is composed of a central funnel formed of trapezoidal segments.

Figure 4 — Examples of landing platforms with conical funnels for all legs.
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(a) Sunflower hive developed by Sunflower (b) Landing platform developed by Krauss and
Labs. Kliner (2020).

Stefansson (2014) developed a few concepts for a UAV docking system that
adopts the concept of a single centered funnel. Figure 5 presents one of the concepts.
Since all others are minimally changed, focused on details, they will not be presented
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here. The project aimed for a fully autonomous pick-up and transport device that could
be used for package delivering. The lower platform is fixed to the package, while the
upper part, comprised of the mechanism, servo motor and sensors, is mounted to the
UAV. When the connection is accomplished, the servo motor rotates the cam to lock
the system.

Figure 5 — Stefansson (2014) UAV docking system concept
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A significant disadvantage of this concept is that most components are attached
to the drone, increasing the payload and reducing autonomy. In order to keep the device
locked in place, the servomotor must be on at all times, which diminishes battery life.

Compagnin et al. (2017) described the Autoport project, developed by the De-
partment of Industrial Engineering of the University of Padua. The project’s main goal is
to design, build and test a docking station for Mars exploration UAVs. Figure 6 presents
each step of the docking process.

The system is composed by a probe, mounted directly on the lower part of the
UAV, and a drogue mounted in the docking station. The probe is not equipped with
any kind of mechanism, playing a completely passive role. The drogue, on the other
hand, is equipped with electric sensors responsible for detecting the probe, and the
necessary actuators for a secure fastening.

Landing platforms with a funnel for the UAV’s whole body is another approach
that involves the interaction of the UAV body with the landing platform to achieve the
desired position. This is a better approach if the UAV and landing platform are designed
together but can be applied in other scenarios. The funnel complements the shape of
the UAV body, making a stable fit. Figure 7 presents the concept introduced by Sullivan,
Williams, and Prokhorov (2019).

Landing platforms with overhead cone funnels are not common. Barbasov K.V.;
Barbasov (2017) presented landing platforms in which the UAV is hung, as illustrated
in Fig. 8. The conical positioning equipment is oriented upside down and presents a
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Figure 6 — Docking steps of the Autoport project.
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(a) UAV’s probe entering the drogue. (b) Contact detection by electric sensors.

(c) Radial actuators lock the probe. (d) Central pin creates a pre-load. docking is ac-
complished.

Source: Compagnin et al. (2017).
Figure 7 — Landing platform for the UAVs whole body.
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Source: Sullivan, Williams, and Prokhorov (2019)

fast gripping device. In order to land, the UAV has to fly underneath the cone, and a
retractable hanger attached to the UAV gets pushed to the center of the funnel.
Landing platforms for UAVs with ski-type legs may be considered a way to
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Figure 8 — Landing platform with overhead cone funnel.

Source: Barbasov K.V.; Barbasov (2017)

create a stable landing gear for two-legged UAVs. This type of landing platform resem-
bles a conical funnel for all legs, presenting lateral rails. Figure 9 presents the concept
proposed by Mingxi Hanping and Yuan (2014), where the rails can change the tilt angle.

Figure 9 — Landing platform for UAVs with ski-type legs.

Source: Mingxi Hanping and Yuan (2014)

2.3 GRIPPERS

Monkman et al. (2007) define grippers as subsystems of handling mechanisms
that provide temporary contact with the grasped object, ensuring the position and orien-
tation of the workpiece. The name gripper is also used when grasping is not involved,
but instead, it holds the workpiece in place with a retention force acting on a point, line,
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or surface. Their application varies widely, from industrial robots handling heavy loads to
hand-guided manipulators used in remote medical operations or clamping mechanisms
used in manufacturing. Grippers can be categorized into four main groups: impactive,
ingressive, astrictive and contigutive.

Figure 10 — Examples of grippers applications with UAVs.
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(a) Impactive gripper. (b) Ingressive gripper. (¢) Vaccum gripper.

Source: Shimahara et al. (2016), Mellinger et al. (2013) and Kessens et al. (2016), respectively.

Impactive grippers are the most used grippers with a wide variety of technical
applications. The grasping force provided by mechanical grippers is based on the
effects of classical mechanics associated with mass points and forces. Grasping of the
workpiece occurs by applying sufficient normal forces or using frictional forces, which
requires that the payload geometry is compatible with the grippers (MOHIUDDIN et al.,
2020). The fingers’ motion is accomplished by converting some form of energy into
mechanical energy (MONKMAN et al., 2007). Shimahara et al. (2016) attached an
impactive gripper on top of a UAV, as presented in Fig. 10a to accomplish tasks like
taking a light bulb off.

Ingressive grippers consist in penetrating to a given depth the surface of the
object to be held or manipulated. There are applications in which the penetration does
not occur, and the end-effector pinch the material. The ingressive technique differs
from impactive grippers in maintaining the grasped object, i.e., impactive grippers must
maintain the exerted force on the workpiece at all times, while ingressive grippers do
not necessarily have to apply force after grasping the object. (MONKMAN et al., 2007).
The main advantage of this gripping technique is that it can grasp objects without well-
defined attachment points, and it does not require a full enclosure of the object for
grasping (MOHIUDDIN et al., 2020). Mellinger et al. (2013) adopted ingressive grippers
for cooperative transport of wood pieces using multiple UAVs, as presented by Fig. 10b.

Astrictive grippers provide a constant holding force without compressive stress,
and the binding force is applied in a single direction. Different from many impactive grip-
pers, almost all kinds of astrictive devices depend on some continuous energy supply
(MONKMAN et al., 2007). The vacuum suction is an example of an astrictive gripper
extensively adopted throughout the industry. Kessens et al. (2016) used a vacuum
gripper, presented in Fig. 10c, attached to a UAV and successfully grasped a wide
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variety of objects, such as eyeglasses, hairbrush, and wood blocks. Other examples
are electroadhesion and magnetoadhesion.

Contigutive grippers rely on direct contact. The holding force can be chemical,
thermal adhesion, or rely on the surface tension forces. Examples of this gripping
technique being applied with UAVs have not been found in the literature.

2.4 LOCKING DEVICES

A locking device is a mechanism that switches the states of allowing or pre-
venting relative motion between two parts. Such devices are widely used in robotics.
Although there are multiple reasons for applying locking devices, the most recurrent
ones are for energy management and reconfiguration (PLOOLIJ et al., 2015). The funda-
mental principles of many locking mechanisms are quite old and have been extensively
described in the literature (PLOOIJ et al., 2015). However, it is important to perform a
comparative study in which the advantages and drawbacks of each device are easily
evaluated. Therefore, it is possible to better determine which locking mechanism is
the most suitable for a desired application. The information presented in this section,
including the comparative study, was obtained from Plooij et al. (2015), which can be
consulted for further details.

Naturally, the requirements of a locking mechanism may vary across different
applications. However, it is necessary to evaluate each device based on a standardized
set of requirements to perform a comparative study. The considered aspects were:

 Adjustable locking directions: the device is able to switch between locking its
position in one or two directions;

» Compactness: the device should be small relative to its application;

* High locking force: the device has relatively high locking torque;

* Inexpensive: the device should be inexpensive relative to its application;
* Lightweight: the device should be lightweight relative to its application;

» Lockable in any position: the device has an infinite amount of locking positions,
i.e., it can lock in any direction;

» Low energy consumption: The device should consume the minimal amount of
energy possible, either when locking, unlocking or idle;

 Short switching time: the device switches instantaneously;

» Unlocking while under load: While there is a load on the locking device, it should
still unlock.
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Although many locking devices have been presented in the literature, they can
be categorized based on their operating principle. The study conducted by Plooij et al.
(2015) considered three main locking mechanisms: mechanical locking, friction-based
locking, and singularity locking.

These three main locking mechanisms can be further divided based on the
actuation form. Active devices use an actuator to define the locking timing, position,
or locking torque. Passive devices rely on the position of a specific joint or link, the
direction of a velocity, or external factors to perform the lock.

2.4.1 Mechanical locking

Mechanical locking devices use a blockage to keep the mechanism from moving.
The position of a specific component determines the locking or unlocking. This section
briefly describes existing mechanical locking devices.

Figure 11 — Examples of mechanical locks.

(a) Latch. (b) Ratchet.

(c) Dog clutch. (d) Cam-based lock.

Source: Own author.

Latches, presented in Fig. 11a, are composed of a pawl and a hook that can
lock at a single position. They can be active, where an electronic actuator changes the
position of the hook or the pawl to lock/unlock, or passive.
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Active latches have been applied in several medical devices, such as the work
of Karssen and Wisse (2012), who adopted a latch in the knee of a bipedal robot de-
signed for running. Another example is the design of a genderless latching mechanism
for modular robots, performed by Parrott, Dodd, and Grof3 (2014). Although latches gen-
erally lock in a single position, there are cases in which locking in multiple positions is
possible. Mitsui, Ozawa, and Kou (2013) used a multi-locking latch in a robotic hand to
lock joints in an underactuated finger. Passive latches are also present in the literature,
such as in the work of Unal et al. (2010), who used them in an ankle-knee prosthesis.

Ratchets, presented in Fig. 11b, are composed of a round gear or linear rack
with teeth and an actuated pawl that engages with the teeth and locks the system.

Active ratchets have an actuator that controls the pawl and determines engage-
ment and disengagement. They are commonly used in prostheses, Geeroms et al.
(2013), who applied an active ratchet in the weight acceptance mechanism in an ac-
tive knee-ankle prosthesis. Passive ratchets may be actuated by a spring but have the
drawback of allowing motion in only a single direction and preventing it in the opposite
direction. They have been adopted by Li, Deng, and Liu (2009), who used it in an energy
storage device for a spherical hopping robot.

Dog clutch, presented in Fig. 11c, consists of two parts of matching shapes.
When both parts are engaged, the relative motion between them is blocked. When
disconnected, however, the two parts can rotate independently.

Few applications of dog clutches in robotics were found, and all of them were
actively actuated. Elliott et al. (2013) used an active dog clutch to attach and detach a
parallel spring to a knee exoskeleton. Palpacelli, Carbonari, and Palmieri (2014) used
dog clutches to lock degrees of freedom of spherical joints.

Cam-based locking devices, presented in Fig. 11d, are composed of two sepa-
rate cam surfaces with complementary shapes. Even though it is possible to use active
actuators, most examples found in the literature are passively actuated, where the posi-
tion of the components locks the system. Mathijssen, Lefeber, and Vanderborght (2014)
adopted a mutilated gear mechanism in a compliant actuator to lock parallel springs.

2.4.2 Friction-based locking

Friction-based locking devices use friction to prevent motion. This method is
mainly known for its application in automotive brakes (disk brakes, drum brakes, and
others). The connection of two friction surfaces determines if the joint is locked or
unlocked. This connection may be determined by an actuator or may depend on the
position of a joint or the direction of a velocity.

One advantage of friction-based mechanisms is the ability to lock at every po-
sition. However, since the normal force limits the friction intensity, most devices have
some force amplifier. This section briefly presents the most common friction-based
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locking devices, along with their advantages, disadvantages, and actuation type.

Figure 12 — Examples of mechanical locks.
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A well-known type of break used in robotics is the electromagnetic brake,
presented by Fig. 12a. The principle of this device lies in an attractive force between a
permanent magnet and an electromagnet, which engages two friction surfaces. Such
brakes are relatively cheap and simple. However, since it relies on the activation of
the electromagnet, this device is necessarily active and often consumes a significant
amount of energy. Multiple robots use electromagnetic brakes to improve safety or
reduce energy consumption. Hirzinger et al. (2001) added brakes on a robotic arm’s
joints to make sure the robot stands even when it is powered off, increasing its safety.
On the other hand, Sugahara et al. (2002) added brakes on a bipedal robot to hold the
joints in place while standing, lowering energy consumption.

An overrunning clutch, presented in Fig. 12b, is composed of an inner and
outer raceway, with cylinders or rollers between both. The relative rotational speed of
the two raceways determines if the clutch locks or not. They can be active, such as
the bidirectional overrunning clutch designed by Hild, Siedel, and Geppert (2011). Or
can be passive, as the miniature clutch designed by Controzzi, Cipriani, and Carrozza
(2010) to apply in a robotic hand’s fingers.

Nonbackdrivable gearings, presented in Fig. 12c, are gears that can only be
driven from one side. This restriction occurs due to the shear friction, resulting in low
efficiency. Since no actuator is required, they are naturally passive. These systems are
adequate for avoiding energy losses and motor overheating by static load-cancellation.
Gu, Ceccarelli, and Carbone (2009) used worm drives in the motors of a one-degree-
of-freedom anthropomorphic arm.
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2.4.3 Singularity locking

A position-dependent transfer ratio characterizes singularity locking devices.
When the singular position is reached, such locking devices have an infinitely high
transfer ratio, theoretically featuring an infinitely high locking torque, limited to the mate-
rial’s structural integrity and a small unlocking force.

The most popular approach to achieve singular positions is to use four-bar link-
ages. A classic example of a four-bar locking device are the locking pliers, presented
in Fig. 13. Such devices typically have an input rotation and an output rotation or trans-
lation. As soon as a singular position is reached, it is impossible to open the lock by
applying torque on the input rotation. Only an external force pushing the mechanism
out of the singularity may open the system. The advantages of this locking device are
the possibility to unlock even when the system is under heavy load and its low energy
consumption. However, the locking position is only available in a single angular position.
This locking mechanism was adopted by Van Oort et al. (2011) to lock the knee of a
bipedal robot.

Figure 13 — Four-bar locking device (locking plier).

Source: Own author.

2.5 CHAPTER OVERVIEW

This chapter first presented the already explored load transport techniques. The
first, defined as cable-suspended transport, consists of connecting the load to the UAV
through a cable. Despite being an apparently simple solution, it generates passive
degrees of freedom and control challenges. The second consists in grasping the load
through grippers, claws, or robotic hands. This approach provides easier design options
to grasp and deliver a package but compromises the UAV’s agility. Section 2.2 presented
a state-of-the-art survey of UAV docking devices. Section 2.3 presented some concepts
and classification of grippers and how they have been employed with UAVs to carry
objects. Finally, Section 2.4 presented the most used locking mechanisms and their
use in robotics.
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3 METHODOLOGY

Design is the creation of synthesized solutions in products or systems that meet
previously determined requirements (TSAI, 2000). For a design problem, the objective
is to make the best use of the professional’s knowledge and available information to
understand the problem better and generate as many feasible solutions as possible.
These concepts are evaluated according to the desired characteristics, and the most
promising concept is selected for analysis and optimization. This chapter describes
the methodology adopted to design the UAV coupling mechanism. First, Section 3.1
describes the concepts of mechanical design requirements. Section 3.2 presents an
overview of the number and type syntheses procedure. Section 3.3 presents the pro-
cess for achieving a topology with optimized dimensions given the constraints imposed
by the device’s intended use. Section 3.4 briefly describes the static analysis through the
Davies method. Section 3.5 presents the concept of a robust design and self-alignment.
Finally, Section 3.6 draws the chapter’s overview.

3.1 REQUIREMENTS

To facilitate the kinematic synthesis process, it is possible to take a systematic
approach. Adopting a structured methodology for mechanism design reduces the de-
velopment time and enhances the design quality. There are Several approaches to
systemize mechanism design, such as Hartenberg and Denavit (1964), Yan (1998) and
Murai (2019). This work closely follows the methodology proposed by Murai (2019),
presented in Fig. 14.

A kinematic synthesis process consists in creating a new mechanism that satis-
fies specific desired characteristics, which are:

» Required features: mandatory features that the kinematic chain must accom-
plish. These features may be quantifiable specifications, such as mobility (1/), the
number of independent loops (v), and workspace order (1)), or well-established
non-quantifiable specifications, such as joint types, symmetries, among other
examples;

» Desired features: specify all desirable, quantifiable or non-quantifiable aspects,
such as ergonomics and aesthetics. These features may be accomplished when
possible but are not mandatory.

Murai (2019) divides the required features into four groups:

 Functional requirements: describe what the final device should do or how it should
work. Examples of functional requirements are mechanical stiffness, simplicity,
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Figure 14 — Mechanism design methodology proposed by Murai (2019)
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size, and weight. These are aspects that can impact the design process regarding
the number of independent loops, links, and actuators;

» Design requirements: are mandatory requirements for the design process but
are not functions to be accomplished by the device itself. Examples of design
requirements are manufacturing cost and designing time;
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» Structural requirements: are mandatory characteristics on the kinematic chain
structure, such as mobility, the number of independent loops, and workspace
order;

« Other requirements: are functional or design requirements that could not be trans-
lated to structural requirements. These requirements are considered in the kine-
matic chain selection phase.

3.2 NUMBER AND TYPE SYNTHESES

The number synthesis starts with an initial set of structural requirements to define
the number of links (n) and kinematic pairs (j). Then, it is determined how the links are
connected, generating several kinematic chains that satisfy the structural requirements.

The first step in the number synthesis process is to verify the existing kinematic
chains atlas available. Rosa (2018), Tsai (2000) and Yan (1998) present extensive atlas
that should cover most of the planar synthesis problems.

However, if none of the available atlas include kinematic chains with the required
structural characteristics, it is necessary to generate new kinematic chains. Simoni,
Carboni, and Martins (2009) propose an enumeration method based on group theory
tools and the analogy between graphs and kinematic chains, Murai (2019) proposes a
method for the number synthesis development. Alternatively, it can be achieved through
a chain enumeration capable software, such as Sagemath.

Type synthesis is a process to determine the type of each kinematic pair that
composes the mechanism. At first glance, it is possible to employ any type of kinematic
pair. However, several factors may narrow down the options. A few aspects that could
be considered are:

» Workspace order: a planar kinematic chain (A = 3), for instance, can only have
revolute and prismatic pairs, and the orientation of these joints are also restricted;

» Cost: lowering the final cost is essential for any product, and it should be consid-
ered early in the design process;

+ Ease of maintenance: the mechanism should be easy to repair. Higher kinematic
pairs are often more complicated to manufacture and require frequent mainte-
nance, which increases lifetime costs.

Once the available joints have been defined, the designer should evaluate every
possible combination of these kinematic pairs in the kinematic chain. Since this is a
combinatorial analysis problem, the number of possible results may be very high, and
the analysis of each result would be a laborious task. Therefore, design requirements
can be considered to reduce the number of results. The device application and form
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of actuation are examples of requirements that might dictate which kinematic pair to
adopt in certain positions.

After the type synthesis process is complete, it is possible to employ self-
alignment concepts to the final mechanism. A self-aligning mechanism has the
advantage of compensating for manufacturing imprecisions, reducing the final cost.
The concept of self-alignment will be further discussed in Section 3.5.

3.3 DIMENSIONAL SYNTHESIS

The objective of the dimensional synthesis process is to determine the dimen-
sions of the links to achieve a prescribed output motion. Prescribed output motion
may include the path that a point of interest must travel, known displacements, or
even higher order quantities, like velocities and accelerations (LEE; RUSSELL, 2018).
The calculated dimensions may include the length and position of each link and joint
coordinates.

This step can be divided into two subphases. First, a programmable mathemat-
ical model that describes the studied mechanism must be developed. This implies a
series of equations that correctly represents the mechanism’s elements. Second, an op-
timization process is applied to search for the best set of dimensions, so the mechanism
behaves as intended.

3.3.1 Modeling methods

Figure 15 — Independent Coordinates.

(a) Open-loop mechanism. (b) Closed-loop mechanism.

Source: Own author.

Independent coordinates could model a mechanism. In this case, the number
of coordinates is equivalent to the mechanism’s degrees of freedom. The advantage
of this approach is the reduced number of equations required to define a mechanism
position. However, the application of independent variables is most suitable to open-loop
mechanisms. The example presented in Fig. 15a clearly shows that a 3-DOF open-loop
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open-loop manipulator can be fully defined by the angles ¢, ¥ and 3. On the other
hand, a 1-DOF closed-loop chain, such as the four-bar mechanism presented in Fig.
15b, may achieve the same position by multiple paths, which a single variable cannot
define. Therefore, independent variables for closed-loop mechanisms might result in an
under-defined model.

To correctly represent a mechanism, it is necessary to know the position and
motion of every rigid body. Therefore, an extended system of non-independent coor-
dinates, capable of defining the mechanism unequivocally, is required. Different types
of coordinates can be used to define a skeletal model, such as relative coordinates,
reference point coordinates (also known as Cartesian coordinates), natural coordinates
(also called fully Cartesian coordinates) or twist coordinates. Even though this text
briefly describes each of them, further information is available in the works of Avello-
lturriagagoitia (2014) and De Jalon, Unda, and Avello (1986).

The relative coordinates method determines the position of every element con-
cerning the previous one along the kinematic chain. The constraint equations are intro-
duced as matrix products or vector equations that close independent kinematic loops.
This method’s drawbacks are the difficulty in manipulating the equations and the need
to know the absolute values of position, velocity, acceleration, or inertia forces, which
increases computational cost.

The reference point coordinates consist in fixing the position and angular orienta-
tion of each element in an absolute manner. Although there are some alternatives, the
most direct and widely used is to define a reference system bonded to the element itself,
using its origin to determine its translation, and Euler angles to determine its orientation.
The restriction equations can be extracted by examining each pair of elements and
describing its restrictions mathematically. The major drawback of this method is the
singular positions, in which two of the angles become indeterminate.

The natural coordinates define each element’s position absolutely. In this case,
however, there is no need to define the angular orientation for each element, which
reduces its complexity and avoids singularity issues. Because of its advantages and pre-
vious successful applications by Nuiez (2014), this work adopts the natural coordinates
method. Therefore, it will be explored more thoroughly in this section.

The natural coordinates are composed of cartesian coordinates of a few points,
which define a rigid body. For modeling a mechanism, these points are coincident with
the joints. To model a mechanism correctly through natural coordinates, a few rules

apply:
« Every joint must be considered a point;

* A rigid body must be composed of at least two points. Otherwise, it is not possible
to determine the element’s orientation.
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Figure 16 presents two rigid bodies, where Fig. 16a represents a binary link,
and Fig. 16b represents a ternary link. The modeling of a binary link can be achieved
through a single equation, presented by Eq. 1. However, the ternary link requires one
equation per side, totaling three equations to model it, as presented by Eq. 2.

Figure 16 — Example of natural coordinates modeling.

O 2
@ 1

(a) Graph representation. (b) Kinematic chain.

Source: Own author.

(2 — 1)+ (Y2 —1)* — L}, =0 (1)

(2 —21)* + (Yo —1)* — L3, =0
(23 —21)* + (y3 —1)* — L3, =0 (2)
(23 — 29)* + (y3 — y2)* — L3, =0

3.3.2 Optimization methods

To maximize gains and minimize losses has always been of great interest in
many fields of science. The most common applications of optimization algorithms in
engineering problems are energy conversion and distribution, logistics, and mechanical
design (ALMEIDA; LEITE, 2019).

Engineering systems design may be a very complex process. Assumptions must
be made to develop realistic models, which then must be verified by experiments.
This process is highly iterative since it implies analyzing several trial designs until an
acceptable design is accomplished.

There are several approaches capable of maximizing or minimizing a function.
Despite the wide range of existing algorithms, no particular method is considered the
best. Choosing which algorithm best suits the problem at hand depends on several
characteristics, such as differentiability and concavity (ALMEIDA; LEITE, 2019). The
designer must understand different approaches to identify which algorithm best fits the
problem to select the most appropriate method.
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It is possible to classify global optimization methods into two major categories:
deterministic, which relies on an exhaustive search for the best solution, and stochastic,
which involves random elements to determine the global optimum. Figure 17 summa-
rizes the classification of these methods, and a brief description of each is presented.

Figure 17 — Optimization Methods.

Optimization
methods
— Deterministc — Hybrid <——  Stochastic = —
Direct search Evolutionary

algorithm

Gradient-
based method

Swarm particle
algorithm

Source: Adapted from Nufez (2014)

+ Direct search: Although the functions are assumed to be continuous and differ-
entiable, their derivatives are unavailable or even not trustworthy. Therefore, this
method does not rely on the derivative of functions. Instead, only the functions’
values are computed and used in the search (ARORA, 2004).

+ Gradient-based method: The gradient is defined as a function, such as V f(z) =
[g—gflg—wé . %]. Since this method uses gradients of the problem functions to
search for the best solution, it is assumed that all functions are smooth, and
can be differentiated at least twice. Because only local information is used in the

process, they converge only to a local optimum (ARORA, 2004).

« Evolutionary algorithms: Evolutionary methods are based on species evolution
mechanisms, such as reproduction, mutation, recombination, and selection. Can-
didate solutions to the problem are considered individuals in a population, while
the fitness function measures the quality of the solution.

« Swarm particle algorithms: The particle swarm optimization method is a meta-
heuristic algorithm based on the concept of swarm behavior, often seen in animal
groups. It relies on shared information among the population to select the most
suitable solution for the problem (ALMEIDA; LEITE, 2019).
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The Genetic Algorithm method was selected for the development of this work
based on many previously successful implementations in kinematic synthesis and op-
timization of mechanisms, including the ones by Nufiez (2014), Nariman-Zadeh et al.
(2009) and Zhou (2009). Also, the following advantages, as described by Arora (2004),
Haupt and Ellen Haupt (2004) and Weihmann (2013) were considered:

« compared to other techniques, GA is easy to apply and program;
« it applies to continuous, discrete, and non-differentiable problems;
* it is able to deal with large numbers of variables;

» simultaneously searches from a wide sampling of the cost surface.

3.3.3 Genetic algorithm

Genetic algorithms (GA) are categorized as stochastic search optimization meth-
ods, also known as evolutionary methods or nature-inspired methods. The genetic
algorithm (GA) is an optimization algorithm based on genetics and natural selection
(ARORA, 2004).

To better understand the Genetic Algorithm technique, let us consider an opti-
mization problem with Ny 4y variables, defined by a cost function and subject to a set of
restriction functions. As stated previously, the goal is to search for the optimal solution
in terms of the problem’s variables.

The GA process begins with the definition of a chromosome as an array of
variables to be optimized. Hence, if a N-dimensonal problem with py, ps, ..., DNy AR
variables should be optimized, the chromosome would be written as in Eq. 3.

chromosome = |p1 p2 D3 ... DPNyan (3)

Since each chromosome represents a set of values for the problem’s variables,
a cost value is attached. This value can be computed by evaluating the cost function f
for a given chromosome, as written in Eq. 4.

cost = f(chromosome) = f(p1,p2, -, PNy ap) (4)

The algorithm starts with a group of chromosomes, defined as the population.
The population is organized in a matrix form, where each row represents a chromosome.
Therefore, given an initial population of V,,, chromosomes, a N,,, X N, matrix is
obtained, as presented by Eq. 5.
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chromosome 1 P1 P2 --- DPNyar
chromosome 2 P1 P2 --- DPNyar

pop = . (9)
chromosome Npop| Pt P2 -+ DPNyag

To compute the values of py, ps, . . ., Dy 45, first the algorithm generates a random
N,op X Ny ar matrix. Then, each element of the pop matrix can be calculated through Eq.
6, where py,;,, and p,,, are the higher and lower variable limits, and p;4ndom iS @ random
number that varies between 0 and 1.

Di = (phigh - plow)prandom + Diow (6)

Natural selection occurs through the survival of the fittest. Once the pop matrix
is fully defined, the cost of each chromosome is evaluated and stored in a 1 x NN,
vector. Then, these costs are ranked from lowest to highest, and only the best results
are selected to continue, while the rest is discarded.

The selection rate (X,..:.) is the fraction of the population that survives for the next
steps. The number of chromosomes that will survive is computed by Eq. 7. Although the
user defines the value of X, ..., which is somewhat arbitrary, it is important to note that
keeping just a few chromosomes will limit the available genes in the offspring. On the
other hand, keeping too many chromosomes allows higher-cost genes to pass through
the next generations.

Nkeep - X'rateNpop (7)

The pairing step occurs until there are enough offsprings to replace the discarded
chromosomes. In this step, two chromosomes are selected by a uniform random number
generator to produce two new offsprings. As an example, let us consider that the
selected parents were mom = [2 3] and dad = [3 1]. This means that the first element
of the chromosome mom will mate with the first element of the chromosome dad, and
the second element of the chromosome mom will mate with the second element of the
chromosome dad.

The mating step begins by selecting a variable at random in the first pair of
parents to be the crossover point (o). The parents’ chromosomes are given by Eq. 8.

parentom = [pml Pm2 -+ Pma --- PmNVAR] (8)

parent guq = [pd1 Pa2 --- Pda --- pdNVAR]
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Let 5 be a random number between 0 and 1. The selected variables are com-
bined to generate new ones through Eq. 9, which will be part of the children chromo-
somes, presented by Eq. 10.

Pnewl = Pma — 6[ ma T pm:da}
Prew2 = Pma + B[ ma T pm:da]

of fspring, = [pml Pm2 --- Pnewl --- pmNVAR] (10)

of fsprings = [Pa1 Paz - -+ Pnew2 - -+ PdNyag)

Most functions that require an minimization process have many local minimums.
Occasionally, the GA may converge too quickly to a local minimum and cannot get
the global minimum. Therefore, the algorithm is forced to explore other areas through
mutation. This technique is a different way to evolve the population by introducing traits
not present in the original chromosomes.

The number of chromosomes to be mutated is determined by Eq. 11, where p is
the percentage of mutated chromosomes. The new variables are calculated by Eq. 6.

Nmut :,UNpop (11)

3.4 STATIC ANALYSIS

When a mechanism performs a given task, forces and torques are applied or
supported. The static analysis allows the application of an action (or series of actions)
over the mechanism’s actuators and calculates the force applied to an external body.
Alternatively, it is possible to compute the efforts to balance the system based on
external input.

It is possible to solve the static analysis by various means, such as the vector
method, Davies method, or Virtual Work Principle (TSAI, 2000). This work focuses on
Davies method due to its advantages over the other options, like direct solution through
matricial form and easiness to solve using computational techniques.

The Davies method adopts three fundamental concepts: the Kirchhoff laws,
graph theory, and screw theory. Kirchhoff’s laws, originally developed for solving electri-
cal networks, were adapted by Davies (1981) to be applied in kinematic chains. Graphs
are used to represent the kinematic chain’s connectivity and establish the connection
between the forces and velocities of the mechanism. Finally, the screws represent the
position, forces, and velocities instead of the conventional vector representation.
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3.4.1 Kirchhoff’s laws

Kirchhoff’s circuit laws are two equalities that quantify how current flows through
a circuit and how voltage varies around a loop in a circuit. The first law, also known
as Kirchhoff’s current law, states that the current flowing into a node must be equal to
the current flowing out of the same node. The second law, also known as Kirchhoff’s
voltage law, states that in any loop within a network, the sum of all voltages must be
zero.

Davies (1981) establishes an analogy between a mechanism and an electrical
circuit, considering account the similarities between a force and an electrical current and
instantaneous velocity and voltage. This way, the adapted Kirchoff’s laws are defined
as:

Circuit law: The sum of the twists within a single closed loop equals zero.

Cutset law: The sum of the wrenches within a single cut equals zero.

This work is not concerned with instantaneous kinematics, and therefore will not
be addressed. However, detailed information can be obtained from Davies (1981) and
Cazangi (2008).

3.4.2 Graph theory

The application of graph representation eases the identification of independent
loops, which define the static equilibrium equations (ERTHAL, 2010). A graph consists
of a set of vertices connected through a set of edges. When representing a kinematic
chain, the graph vertices represent the chain’s links, while the edges may represent the
chain’s joints or embedded actions. Figure 18a presents a four-bar mechanism as an
example, and Fig. 18b presents its respective graph representation, where the numbers
identify the vertices, and the lower case letters identify the edges. A graph with edges
that have a defined direction is called a directed graph, also known as a digraph. Figure
18c presents the digraph for the four-bar mechanism, in which the edges go from the
lower to the higher number.

Figure 18 — Graph representation of a four-bar mechanism.

(a) Four-bar mechanism. (b) Four-bar graph. (c) Four-bar digraph.

Source: Own author.
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A path is a sequence of vertices and edges, starting in a given vertice and
finishing in another vertice. A loop is a path that starts and finishes in the same vertice.
The graph presented in Fig. 18b and 18c starts at vertice 1 and finishes at vertice 1,
creating a loop.

A spanning tree of a graph is a subgraph that contains all vertices of the original
graph but does not create a loop. The edges that belong to the spanning tree are called
branches, while the edges removed to create the spanning tree are called chords. For
each chord, there is a corresponding loop.

A cut, denoted by the letter k, is a line that crosses a single branch and as
many chords as necessary. For each branch, there is a corresponding cut. Therefore,
the direction of a cut is defined as the direction of its respective branch. For the static
analysis, the cuts are represented by the cutset matrix, [Q]; ., where e is the number of
edges, equivalent to the number of joints that compose the mechanism. Each element
q;; of the cutset matrix, where i represents the respective branch, and j represents the
respective chord, may take on the values of 0, +1, or —1. The element ¢;; of a branch
is always equal to +1, while the element ¢;; of a chord follows the pattern presented by
Eq. 12.

0, if cut 7 does not include edge j;
¢;i; = { +1,if branch i and chord j shares the same direction; (12)
—1,if branch i and chord j have opposite directions.

Consider the four-bar mechanism from Fig. 18 as an example. Figure 19 presents
the directed graph that represents the four-bar mechanism, where the black lines repre-
sent the branches, the red dashed line represents the chord, and each dashed brown
box represents a cut.

Figure 19 — Graph representation of the four-bar mechanism with the respective cuts.

——0 06——0 0
\ a \ 1

Y

(a) cut a. (b) cut b. (c) cut d.

Source: Own author.

Figure 19a presents cut a. It can be seen that branch « is directed inward to the
dashed brown box representing the cut, while chord ¢ is directed outward. Therefore,
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by following the rules presented by Eq. 12, it can be concluded that the element ¢
corresponding to the chord ¢ of cut a is —1. Similarly, Fig. 19c presents cut d, where the
branch d is directed inward to the cut, and the chord c is also directed inward. Hence,
the element ¢ corresponding to the chord ¢ of cut d is +1. Equation 13 presents the Q
matrix of the four-bar mechanism built considering the graphs presented by Fig. 19.

c a b d
a[-1 +1 0 0
Q= bl-1 0 +1 0 (13)

dl +1 0 0 +1

3.4.3 Screw theory

The concept of screw theory is a powerful mathematical tool, very convenient in
kinematics and dynamics analysis of spatial mechanisms. A screw is composed of two
three-dimensional vectors. It may denote the position and orientation of a spatial vector,
the linear and angular velocities of a body, or a force and couple. When applied in
mechanisms analysis, screw theory has the advantages of clear geometrical concepts,
explicit physical meaning, and convenient algebraic calculation (HUANG; LI; DING,
2013).

Although the screw theory may perform both the kinematic and static analysis
of a mechanism, this work only concerns the statics. Hence, the development of the
motion analysis is not addressed. However, more information regarding both analyses
may be obtained from Cazangi (2008) and Weihmann (2013).

An action screw $, also known as a wrench, is defined by a unit direction vector
(S), a position vector (S,), an associated pitch » and a magnitude +. The unit direction
vector describes the direction of a force or couple acting upon the mechanism. The
position vector represents an arbitrary point of the screw axis relative to the origin
of the coordinate system. The pitch is a scalar parameter that relates a force to a
moment. Finally, the magnitude ) quantifies the force or couple. This wrench definition
is presented by Eq. 14.

So x S+ hS
S

When considering the application of pure forces, the pitch equals zero, h = 0.
Then, Eq. 14 can be reduced to Eq. 15, where F and M are 3-dimensional vectors that
indicate the force and moment, respectively. However, if the screw describes the action
of pure moments, the pitch is considered equal to infinity, » = oo, and results in Eq. 16.

M
|F| = H (15)

$ = (0 (14)

S()XS
S

$ —
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$:S
0

M
M| = [0] (16)

The dimensional space in which the mechanism is represented is named order
of the screw system, denoted by A. A 3-dimensional mechanism, A = 6, requires six
independent wrenches to represent the actions. Expanding Equations 15 and 16 for
each action in a spatial mechanism results in the vectors presented by Eq. 17.

r 1T
: -

$p, =|—2 0 =z 0 1 0| F,
- -

$r.=|y —z 0 0 0 1| F,

(17)

$v, =100 0 0 0| M,
: g
$v,=10 1.0 0 0 0] M,
: g
$v. =10 0 1 0 0 0] M,

It is possible to observe in Eq. 17 that the first three lines of a screw refer to the
moments, and the last three refer to the forces. A planar mechanism with A = 3, the
only possible actions are the forces along the = and y axes and the moment around
the z axis. Therefore, the first, second and last lines of the screws in Eq. 17 are always
equal to zero. Hence, they can be simplified to Eq. 18.

—y T 1
0 1 0

Let C' be the sum of constraints imposed by all joints that compose the mech-
anism. The wrenches vectors defined in Equations 17 and 18 can be bound together
in a single unit action matrix Ap, as shown by Eqg. 19. The wrenches magnitudes are
grouped in an action magnitude vector, ¥, given by Eq. 20.

AD == [$Fx $Fy e $C (19)
(0
Uo, = 7”_2 (20)

(e
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3.4.4 Davies method

Davies (1981) provided a method capable of systematically solving the kine-
matics and statics of mechanisms by adapting the Kirchhoff laws for electrical circuits,
which results in a linear system of equations.

The static analysis through Davies method may be summarized in four steps:

 to construct the action graph and to assemble the @ matrix, as described in

Section 3.4.2;

3.4.3;

to define the wrenches and assemble the Ap matrix, as described in Section

 to compute the network action matrix A and define the linear system of equa-

tions;

to identify the primary and secondary variables to solve the system of equations.

The network action matrix, Ax establishes the relationship between the C
wrenches of the Ap matrix and the k cuts, defined by the cutset matrix Q. Each line of
Q informs which wrenches belong to the respective cut. The A matrix is assembled
by distributing the wrenches belonging to each cut, multiplying the unit action matrix
Ap to each line of the cutset matrix Q. Cazangi (2008) presents a systematic approach

to compute the A matrix, shown by Eq. 21, 22 and 283.

Q= qi1 d12 413

dmg{Ql} =

An =

¢1ip 0 0
0 g2 O
0 0 ¢g3
0 0 0

Ap - diag{Q1}
Ap - diag{Q2}

Ap - diag{Qy}

q1,c

q1,c

(21)

(22)

(23)

To satisfy the cutset law, the sum of all wrenches belonging to the same cut must
be equal to zero. Therefore, the matrix A multiplied by the action magnitude vector ¥
is equal to zero, as presented by Eq. 24.

—

(24)
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Equation 24 is only solvable if matrix Ay is square. Hence, for an over-
constrained mechanism, in which every external force is internalized, there is a
required number of known variables C,, to fully define the system. The value of C,, may
be calculated by Eq. 25.

C,=0C—\k (25)

To solve the statics, Eq. 24 must be manipulated, dividing the network action
matrix in a primary Ay, matrix, composed of the known variables wrenches, and sec-
ondary bm Ay, network action matrix, composed of the unknown variables wrenches.
Similarly, the magnitude vector ¥ is divided into primary ¥, and secondary ¥, magni-
tude vectors. As a result, Eq. 24 is transformed to Eq. 26.

ANT, — —AN U, (26)
s p P

3.5 SELF-ALIGNMENT

According to CARRETO (2010), constraining an element in more than six ways
results in internal stress and deformation. An over-constrained mechanism is subject
to more constraints than the workspace (A = 6), so some degrees of freedom are
constrained more than once (CARRETO, 2010). The assembly process of an over-
constrained mechanism is more difficult by imprecisions of the manufacturing process,
and the use of force is necessary to align the joints correctly. However, the use of
force for joining elements causes elastic deformation, and the links are kept in constant
internal stress.

Downey, Parkinson, and Chase (2003) define a robust design as a design that
works correctly, despite its variations. These variations may result from manufacturing
imprecisions, environmental effects, or even by the end-user. In mechanical assemblies,
these variations propagate across the links’ joints, which may result in the impossibility
of achieving the final assembly or generating unnecessary stress to the material, as
stated earlier. The self-alignment process eliminates redundant constraints of a mecha-
nism and achieves a precisely constrained design, resulting in an assembly capable of
canceling out possible variations.

This work adopts Reshetov’s table method to eliminate a mechanism’s over-
constraints. This methodology consists of increasing the joint’s degrees of freedom to
improve the design and make it more reliable (RESHETOV, 1979). Reshetov’s method
is performed by filling Table 1 with all joints that offer a degree of freedom for the
respective motion on the respective axis. If a linear freedom is missing on any axis, a
rotation freedom around a different axis can replace it. The method considers that a
loop can close with no problems if all six freedoms are present in that loop.
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Table 1 — Reshetov’s table.

Independent loop

R, = T, =
R, = T, =
Rz= Tz=

Source: Own author.

Reshetov’s table method can be summarized in four steps. Filing Table 1 is the
first. The second step is analyzing the filled table to spot if the mechanism has all
six freedoms or not. If translation freedoms are missing, the third step is to replace
them with rotational freedoms from the other axis. The fourth step is to determine the
number of redundant constraints, given by the number of motions completely restricted.
Similarly, the number of extra freedoms indicates the mobility of the mechanism.

Figure 20 — Reshetov’s method example for an over-constrained mechanism.

Loop abed

........ 0 T

(a) over-constrained slider-crank mechanism. (b) Reshetov’s table.

Source: Own author.

Figures 20 and 21 presents the application of Reshetov’s table method on an
over-constrained slider-crank mechanism. Figure 20a illustrates a slider-crank mech-
anism composed of three revolute joints, denoted by the letters a, b and ¢, and a
prismatic joint d. Filling Reshetov’s table, as shown in Fig. 20b demonstrates that the
mechanism has three rotational degrees-of-freedom around the z-axis provided by the
revolute joints and a translational degree-of-freedom along the z-axis. Since there are
extra rotational degrees-of-freedom around the z-axis, one of them can compensate for
the missing translational freedom along the y-axis, as shown in Fig. 20b. Therefore, it
can be concluded that the slider-crank mechanism has two rotational over-constraints
(around the x and y axes) and a translational over-constraint along the z axis. Fur-
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thermore, there is one extra rotational freedom around the z-axis, representing the
mechanism’s mobility.

Figure 21 — Reshetov’s table method example for a self-aligning mechanism.

Loop abed
R,= bd T.= d
R,= T,= 0(b)
R,= abc T.= 0(d)
(a) Self-aligning slider-crank mechanism. (b) Reshetov’s table.

Source: Own author.

In order to remove the mechanism’s over-constraints, it is possible to replace
one or more joints with ones that provide more degrees of freedom. A viable solution
to the slider-crank would be to replace the revolute joint b with a spherical joint and
the prismatic joint d with a cylindric joint, as illustrated in Fig. 21a. Filling Reshetov’s
table, presented in Fig. 21b, demonstrates that the new slider-crank has two rotational
freedoms around the z-axis, one rotational freedom around the y-axis, three rotational
freedoms around the z-axis, and one translational freedom along the z-axis. The extra
rotational freedoms may compensate for the two lacking translational freedoms, as
indicated in Fig. 21b, which results in a self-aligned mechanism.

3.6 CHAPTER OVERVIEW

This chapter presented the required tools to develop a novel topology for a UAV
coupling mechanism. First, Section 3.1 established that the development of this work
would follow the methodology proposed by Murai (2019). In addition, it was presented
the concept of design requirements which serves as a basis for decision-making sce-
narios. Section 3.2 introduced the concept of number and type syntheses and drew the
steps in this stage. Section 3.3 described a few methods for mathematically modeling
a mechanism’s topology and a few optimization methods. Section 3.4 briefly described
the static analysis through Davies Method process, and the mathematical tools to apply
it, such as graph theory and screw theory. Finally, Section 3.5 presented an overview of
the self-alignment concept and described Reshetov’s table method for evaluating and
identifying a mechanism’s redundant constraints.
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4 DEVELOPMENT OF A UAV GRIPPING DEVICE

This chapter consists of developing the coupling device, following the steps de-
scribed in Chapter 3. Section 4.1 lists the final mechanism’s required and desirable
characteristics based on the evaluation of the problem addressed and the information
collected in chapter 2. Next, Section 4.2 presents the steps taken in the number syn-
thesis and the logic used in the type synthesis to achieve the new topology. Section
4.3 presents the mathematical modeling of the new topology and the optimization pro-
cess to achieve the optimal dimensions. Section 4.4 describes the static analysis of
the optimized topology through Davies method. Finally, Section 4.5 draws some final
considerations.

4.1 REQUIREMENTS

An initial analysis of the intended application was carried out and resulted in the
following desired characteristics:

» Mobility: a single actuator should be able to fully open or close the mechanism.
Therefore, the mobility should be equal to one (M = 1);

» Weight: since aerial transport is one of the objectives, the final mechanism should
be as light as possible. Therefore, the number of links and loops should be mini-
mized;

Actuation: a fully passive mechanism is preferred. It would avoid the extra weight
of active actuators and a battery, and the lack of an electronic circuit simplifies the
final product;

« a vertical, downwards force should actuate the mechanism. This way, the UAV’s
weight could be used as the actuator;

the final mechanism should fit between the UAV’s landing gear.

Sections 2.1 and 2.2 presented an overview of existing devices that address
the current studied issue, at least on some level. Although most of the already existing
mechanisms previously discussed do not share the desired characteristics mentioned
above, they meet some crucial requirements, which are:

« the workspace of the mechanism is inevitably spatial (A = 6), mainly because of
fluctuation forces generated during motion, which may have any direction;

« a locking mechanism should be embedded to hold the closed state during force
fluctuation;
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* a secondary actuation form should be included to open the gripper as the UAV
detaches itself;

» the contact surface of the UAV to the gripper should have a geometry that assists
the correct alignment;

« the final mechanism should be symmetric.

Since the mechanism’s workspace is spatial and symmetric, it is possible to
explore this symmetry to simplify the synthesis process. For the synthesis of robot
hands, Tischler, Samuel, and Hunt (1995) argue that synthesizing separate fingers
may save some effort, as the static equilibrium of the grasped object is still achieved by
selecting a sufficient number of fingers. This way, the gripper’s claws will be synthesized
separately, considering a planar workspace (A = 3).

As exposed by Murai (2019), in the synthesis early stages, defining the number
of independent loops is a complicated task. At first, kinematic chains with the lowest
number of loops are tested if they meet the design requirements. If not, a higher number
of loops must be analyzed. Thus, kinematic chains with a single loop will be examined
first to develop the gripper’s claw.

Section 2.4 presented an overview of the existing types of locking mechanisms,
along with their respective advantages and disadvantages. Hence, each claw will be
developed with a singularity locking device, mainly due to the easiness of application in
passive mechanisms. To preserve the freedom to apply as many locks as the designer
judges necessary without compromising the number of claws, the locking device will
be an independent loop. Therefore, the minimum number of independent loops is two
(v = 2), one for the claw and one for the locking mechanism.

4.2 NUMBER AND TYPE SYNTHESES

As discussed in Section 3.2, the first step of the number synthesis process
is to verify any kinematic chains atlas that satisfies the structural requirements. Tsai
(2000) provides an atlas of planar linkages with the respective graph and kinematic
chain representations. Figures 22 and 23 present the two options for a one-degree-of-
freedom planar mechanism with two independent loops, the Watt kinematic chain and
Stephenson kinematic chain, respectively.

As stated before, the actuation of the mechanism should be a downwards force,
so the weight of the UAV itself could generate the closing motion. Therefore, a single
prismatic joint must activate both the finger and locking device, which indicates that the
actuator link is ternary.

Section 2.4.3 presented that the most common type of singularity locking devices
is four-bar mechanisms. In this case, considering the actuator is a prismatic joint, the
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Figure 22 — First option of a one-degree-of-freedom 2-loop mechanism (Watt kinematic

chain).
a) Graph representation. b) Kinematic chain.

Source: Own author.

Figure 23 — Second option of a one-degree-of-freedom 2-loop mechanism (Stephenson
kinematic chain).

iB?{ii

a) Graph representation. b) Kinematic chain.

Source: Own author.

locking device may be built as a slider-crank mechanism, as presented by Fig. 24a.
Hence, the respective loop must have a revolute joint connected to the fixed frame.

The gripper’s finger will support the entire cargo’s weight during aerial transport.
This way, it is essential that the link in contact with the UAV’s gripping structure is also
connected to the fixed frame, so the carried weight is better distributed.

So far, it has been established that the fixed frame must be a ternary link, con-
necting the locking device, the gripper’s finger, and the actuated prismatic joint. The link
that receives the external action (the UAV’s weight) must also be ternary, responsible
for transmitting the force to the locking device and the finger and connected to the fixed
frame through the prismatic joint. From the atlas of planar linkages provided by Tsai
(2000), the only kinematic chain that presents two ternary links connected by a single
joint is presented by Fig. 22a.

The positioning of the UAV at the desired point on the coupling device begins
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Figure 24 — First concept of each loop’s topology.

(a) Locker topology. (b) Finger topology. (c) Graph representation

Source: Own author.

during its flight, where it usually adjusts its position to land at a given point. The de-
viation between the desired landing position and the achieved position depends on
the sensors installed in the vehicle, the chosen landing technique, the controlling sys-
tem’s performance, and other unpredictable external factors, such as meteorological
conditions. As such, the occurrence of fluctuation of the UAV’s position before landing.
Therefore, the gripper’s finger should be as far as possible from the UAV’s gripping struc-
ture while landing and close only after achieving the correct alignment. A motion with
the described characteristics can be achieved through a mechanism that resembles
an eccentric slider-crank. Figure 24b presents an initial concept of the finger mecha-
nism, where the letter P denotes a point of interest belonging to link 2, which may be
interpreted as the end-effector.

Solenoids will be used to block joint f from any undesired motion to provide a
safer lock. Figure 25 presents the system’s working principle. As the gripper closes,
joint f presses the solenoid’s pin downwards, as illustrated in Fig. 25a and Fig. 25b.
Once joint f passes the solenoid’s pin position, the solenoid’s spring returns the pin to
its original position, which in turn acts as a blockage to keep joint f from moving, as
illustrated in Fig. 25c.

4.3 DIMENSIONAL SYNTHESIS

This section presents the dimensional synthesis developed for the topology
achieved in Section 4.2. The procedure follows the description presented in Section 3.3.
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Figure 25 — Solenoid’s locking system.
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(a) Open mechanism. (b) Closing motion. (c) Closed mecha-
nism.

Source: Own author.

However, a few tasks specific to the current design had to be added.

Using a torsion spring on joint g has two major objectives: to soften the closing
motion and serve as an actuator for the opening motion. Therefore, the torsion spring
dimensioning is directly linked to the forces supported by the links and the torque
generated on joint b. The spring stiffness should be defined in such a way that, as
the gripper closes, the resulting torque in joint & gets softer. Additionally, the spring
constant should be high enough to generate the opening motion. Hence, it is necessary
to estimate the weight of the links and evaluate if the final mechanism can perform both
closing and opening motions smoothly. Figure 26 presents the flowchart of the adapted
dimensional synthesis process.

Figure 27 presents a preliminary CAD model of the topology achieved in Section
4.2. Although this model does not consider the results of the dimensional optimization,
it was possible to validate the motion and functionality of the topology.

The gripping device is expected to fit in the internal region of the landing gear.
Therefore, it is necessary to adopt a UAV model to serve as a basis for the geometrical
constraints. This work considered the information of a DJI Spreading Wings S900,
presented in Fig. 28, but the optimization method is replicable to any other UAV.
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Figure 26 — Adapted dimensional synthesis flowchart.

Position kinematics

|

Dimensional optimization

Static analysis

Links weight estimate

Static analysis con-
sidering links’ weight

Source: Own author.

4.3.1 Position kinematics

Figure 27 presents the topology of the mechanism in its open state. Applying the
Natural Coordinates procedure described in Section 3.3 would result in system of ten
equations. However, the dimensions of the links a — d, a — ¢, a — g and d — e may be
directly defined by the designer. Therefore, the system of equations is reduced to six
equations, as shown by Eq. 27.

Even though the links’ dimensions are unknown, the analysis of Fig. 27 provides
some information regarding the mechanism’s behavior. The coordinates of joints b and
g are fixed and may be determined through the optimization process. The coordinates
of joints d and e follow the displacement of the prismatic joint « and, therefore, can
be determined directly. The dimensions of links Ly, L3, Ls, Lg, L,_p and L._p will be
determined through the optimization process. Hence, the unknown variables of Eq. 27
are the coordinates of joints ¢, f and point P, represented by vector q.
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Figure 27 — Gripper mechanism dimensions.

Source: Own author.

Figure 28 — DJI Spreading Wings S900

Source: DJI official website.
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T
q= [m Ye Ty Yy Tp yp] (28)
Finally, it is possible to calculate the jacobian of vector ®, presented by Eq. 29.
As a result, the Newton-Raphson can be applied to determine the joints’ position in the
entire range of motion.

20, — 2y 2y, — 21 0 0 0 0
20, — 2xq 2y, — 294 0 0 0 0
Ve 0 0 20 — 27 2y5 — 29, 0 0 (29)
0 0 2xp —2xy 2yr — 2y, 0 0
0 0 0 0 20p — 2z, 2yp — 2y,
20, — 2xp 2y. — 2ym 0 0 20p — 2z, 2yp — 2yc_

4.3.2 Topology optimization

Although the idea of a dimensional optimization process is to find a solution that
best fits the desired outcome, some design parameters have to be determined before
the optimization to define the mechanism’s topology better and reduce computational
costs. The height of the closed gripper is set to 130 mm, without considering the link’s
thickness. Although this definition is somewhat arbitrary, keeping the mechanism in
the lower portion of the landing gear provides a wider range of motion and avoids
the possibility of collision to the UAV’s battery. The coordinates for joint d are also set
to x4 = 30 mm and y, = 110 mm, considering that the coupler attached to the UAV
is 20 mm thick. Hence, the desired position for the end-effector in a closed state is
Tp,..... =40 mmand zp, , . = 130 mm. Finally, the range of motion of the prismatic
joint was set to be 40 mm.

Considering the definitions above and analyzing Fig. 27, it can be observed that
loop ae fg has only two unknown variables, L5 and Lg. Since the range of motion of the
prismatic joint a is defined, it is possible to calculate the dimension of these links directly.
The detailed procedure adopted for dimensioning the links of the locking mechanism
will be presented in Section 4.3.3. Therefore, the optimization process is only applied
to loop abed, and Eq. 27 is reduced to 30.

2

(‘Tb - 330)2 (yb - yc)
Ye — Ya)®

(ze — xd>2 (Ye
(zp —xp)* + (yp — yr)* — Li_p
(e —xp)® + (ye —yp)* — L2_p
The optimization variables are L,, L3, L._p and the coordinates for joint b. The
value of L,_p can be calculated by Eq. 31. As described in Section 3.3.3, vector z is
composed of all variables that must be optimized, as exposed by Eq. 32.

+ 12
— 2
o = * —0 (30)
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L.bip - \/(:rpdesired - :rb)2 + (deesired - yb)2' (31)

e=(ly Lo Lor o ow| (32)

Generally, the cost function is composed of the error between the achieved path

of the end-effector and the desired path. The path is known to be circular, where the

center of the circle is the coordinates of joint b and the radius is the distance of joint

b to the end-effector, which are not known. Therefore, it is not possible to fully define

the desired path. Although the desired path is not known beforehand, it is possible to

define that, in the closed position, the end-effector is positioned right above joint d. This

way, it is possible to define that the quadratic error between the desired position and the

achieved position when the gripper is closed should be minimal. Then, the cost function
f(q) is defined by Eq. 33.

f(CI) = (mP - 'rPdcsir-ud)Q + (yP - deem-gd)2= (33)

As described in Section 4.1, when the gripper is closed, it lies inside the UAV'’s
landing gear, which is also supported by the lower surface. Hence, the length of the links
must be a suitable size. Also, collisions of the coupling device’s finger with the landing
gear during the closing motion should be avoided. Figure 29 presents the UAV’s landing
gear dimensions. This way, it is possible to determine the maximum z, coordinate to
avoid collision based on the y» coordinate through Eq. 34.

Figure 29 — DJI Spreading Wings S900 landing gear dimensions.
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320 mm

455 mm
Source: Adapted from the DJI official website.
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The transmission quality i is an indicator of the mechanism’s effectiveness. It
may be determined by measuring the angle between links L; and Lg. Martins and Murai
(2019) recommend that the angle  stays between 40° to 140°. Hence, the transmission
quality can be calculated through the cosine law, presented by Eq. 35.

1 Ly — L5 — L3
2LoL3 ’
where L, is the distance between joints b and d.
There is nothing to be optimized on the path traveled by the end-effector as
the gripper opens. There are, however, some limits imposed by the UAV’s landing gear.
These limits are added to the cost function as P(q) penalty functions. Then, if the results
obtained in a given iteration break these limits, the cost function suffers a penalty, so
the GA tries to avoid these problems in the next iterations. This way, the optimization
problem can be rewritten as Eq. 36.

(39)

n = cos

minimize f(q) + zn: P(q) (36)

where n is the number of penalty functions. The gripping device has two boundaries.
The first one is regarding the landing gear dimensions, which has to respect the limits
imposed by Eq. (34) to avoid a collision between the gripper’s finger and the landing
gear. The second one is regarding the transmission quality x, given by Eq. (35). Even
though it is not mandatory, i should be close to the recommended range. The penalty
functions were the quadratic error between the achieved and limit values, multiplied by
a factor k, as presented by Eq. 37 and Eq. 38. This work considered k; = 1000 and
ko = 100.

Pl = kl (xp - mplimit)2 (37)

{Pg == ]{72([1 - 400)27 or (38)

P2 = kz(/l, — 1400)2

4.3.3 Locking mechanism

The locking device does not require a specific path, and although it is subject to
geometrical restrictions, there is not a need for an optimization process. The coordinates
for joint e for the opened position were set to . = 20 mm and y. = 115 mm, and the
coordinates for joint g were set to z, = 20 mm and y, = 50 mm.

In order to reduce the mechanism’s total weight, the length of the components
should be minimum. For a fully open state, it is desirable to have high effectiveness of
the force transmission from L; to Ls. Therefore, the transmission angle 1, was set to
be in the upper limit suggested by Martins and Murai (2019).
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The concept of a singularity lock would require a perfect alignment of links L5
and Lg. However, since the mechanism does not have active actuators, the opening
process to detach the UAV could be complicated. In addition, locking can be achieved
by getting close to the singularity. Therefore, the angle between L4 and the central base
is set to 10°.

Figure 30 — Locking device variables.
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(a) Open mechanism. (b) Closed mechanism.

Source: Own author.

Figure 30 presents the locking device in its open and closed states. The blue
triangles highlight the shape formed by the links in each state. Applying the cosine law
to both triangles results in Eqg. 39. Since this is a non-linear system of equations, it can
be solved using an iterative method, such as Newton-Raphson.

L2 = L2+ L% — 2L5Lgcos(fiop)
L= L2+ L% —2L,Lgcos(170°)

(39)

4.3.4 Dimensional synthesis results

A new CAD model was developed considering the results of the optimization
process. Figure 31 presents the new CAD model inside the landing gear in three
positions. The path achieved by point P is also presented. It can be seen that the
gripper’s finger can be positioned inside the landing gear, and, as the UAV detaches,
the trajectory of point P does not intersect with the landing gear’s position at any time.

Since the mechanism accomplishes the desired motion when constructed with
the dimensions obtained from the optimization process without colliding with the landing
gear, it can be concluded that the dimensional optimization of the finger had satisfactory
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Figure 31 — CAD model with the optimized dimensions.
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results. Table 2 presents the resulting dimensions.
82° to 131°, respecting the required range.
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Table 2 — Results obtained from the Genetic Algorithm.

Ly [mm] Lz [mm] L. p[mm] z, [mm] g [mm]
38.82 110.10 123.31 120.29 44.33
Source: Own author.

The dimensions obtained from the direct calculation of links L5 and Lg were also
satisfactory, since there are no collisions to other links, and tghe mechanism performs
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the expected motion. Table 3 presents the results.

Table 3 — Results obtained for the locking device.

Ls [mm]  Lg [mm]
46.70 21.88
Source: Own author.

4.4 STATIC ANALYSIS

Figure 32 presents the mechanism topology while a UAV DJI S900 lands on it.
However, the thickness of the links is still arbitrary and may not represent the actual
proportion. As a result, the static analysis of the mechanism must be performed. Once
the load in each joint and consequently in the links are known, it is possible to estimate
the links’ cross-section area. This analysis considers the final mechanism to have four
fingers equally distributed around the centered prismatic joint. It is also considered that
the UAV’s weight is evenly distributed to all fingers. Hence, the force applied to the
prismatic joint is equivalent to one-fourth of the total weight.

To estimate the links’ cross-section area, the highest forces should be considered.
As exposed in Section 4.1, the gripper could be used to transport the gripper-UAV
system through a ground vehicle and for aerial transport, in which the gripper must
withstand the cargo weight. Therefore, the static analysis is performed for the closing
motion, as the UAV lands on top of the mechanism, and for an aerial transport scenario.
The dimensioning of the links’ section area will consider the highest loads of each joint.

As mentioned in Section 4.1, the torsion spring positioned in joint g serves as an
actuator for the opening motion. Once the links’ cross-section area has been defined, it
is possible to estimate the bodyweight of the elements. Hence, it is possible to evaluate
if the spring is capable of returning the mechanism to its initial state.

The mechanism comprises prismatic and revolute joints, imposing two con-
straints and one degree of freedom per joint. Since the mechanism is planar (A = 3), all
wrenches have the format presented by Eq. 18.

As mentioned in Section 3.4, the external actions must be internalized. Therefore,
the torsion around the 2 axis generated by the torsion spring positioned in joint ¢ and
the external force applied to the gripper must be implemented in the same manner as
the reaction forces of the joints.

4.4.1 Landing motion

Figure 33a presents the gripper’s topology and the external forces W and T, .
As mentioned in Section 4.1, one primary function of the torsion spring in joint g is to
soften the closing motion. Hence, it is expected that, as the gripper closes, the torque
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Figure 32 — Topology achieved.

(b) UAV fully attached.

Source: Own author.

generated in joint b gets closer to zero. T, is considered an output of the system to
evaluate the behavior of the generated torque in b.

Figure 33b presents the graph representation of the gripper’s mechanism, with
the respective external actions. As exposed in Section 3.4.2, defining the graph’s chords
and branches is necessary. Figure 34 presents five graphs, each representing one of
the cuts. The edges denoting joints d and e, represented by the red dashed lines, were
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Figure 33 — Forces acting on gripper during landing motion.
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(a) Open mechanism. (b) Closed mechanism graph represen-
tation.

Source: Own author.

arbitrarily chosen as chords, while the other five black edges were defined as branches.
The blue line represents the external force applied to the gripper.

The cutset matrix Q@ was assembled following Eq. 12, which resulted ina 5 x 17
matrix. Due to its size, the cutset matrix presented only in Appendix A. Through the
position kinematic process, described in Section 4.3.1, the coordinates of every joint
were determined. Hence, it is possible to build the wrench for each joint following Eq.
18, which results in Eq. 40, Eq. 41, and Eq. 42. It should be noted that the wrench
representing the UAV’s weight is considered in the positive direction of the y axis. W
must be negative, since the force is applied downwards to accomplish the closing
motion.

~Ya 1 —U Tp 1 Ebm —Ye T
Se=11 0 . S=| 1 0 0| |F,| %=1 0 (40)
0 ofLt* 0 1 0| |1, 0 1
~Ya Td —Ye  Te —Yy Ty
Fy F,. Fy
Sa=11 o] ™, 8%=]1 o0 1.8,=11 ol | " (41)
Fd, Fe, Ff
0 1 v 0 1 v 0 1 v
73”9 :rg 1 E‘?m L
;= 1 0 of || sw=]0|[W] (42)
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Figure 34 — Gripper’s graph representation with every cut.

(e) Cut g.

Source: Own author.

The wrenches can be bound together in the unit action matrix Ap, as exposed
by Eqg. 19. Similarly, the wrenches magnitudes are grouped in the action magnitude
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vector, exposed by Eq. 20. This process results in Eq. 43 and 44.

Ap=84 8. $. $ $. 85 S, Sw] (43)

v=I[F, F, F., F., F, T.. F,, K, T, .. (44)
ke, Fcy Ff:c ny ng ng ng Wdrone]T

The assembly of the network action matrix A was performed through Eq. 23,
and resulted in a 15 x 17 matrix, presented in Appendix A. In order to solve this system
of equations, matrix Ay must be square, and therefore it requires two primary variables.
The first primary variable is the external force (the UAV’s weight 1), obtained from the
drone’s specification sheet.

As mentioned in Section 4.1, one primary function of the torsion spring in joint
g is to soften the closing motion. Hence, it is expected that, as the gripper closes, the
torque generated in joint b gets closer to zero. In order to determine the spring constant,
the static analysis may consider a reasonably wide range of torques applied in g, so the
resulting torque in b can be evaluated. Therefore, 7, is also considered as a primary
variable in this case.

The torsion spring torque was evaluated in a range from zero to 30 Nmm, dis-
cretized in small displacements of 1Nmm. The prismatic joint a displacement was
discretized in forty points. For each position of a, the static analysis was performed for
the entire range of 7,_. The behavior of the generated torque in b, based on the torque
in g as the gripper closes, can be evaluated in Fig. 35.

It can be seen from Fig. 35 that for a fully closed state, i.e. when y, = 110mm,
T, is zero when T, = 20Nmm. The constant of the torsion spring k, can be calculated
by Eqg. 45. The angles 60, and ¢,, presented by Fig. 30, can be determined using the
results of the position kinematics.

Once the value of k, has been determined, it is possible to perform the static
analysis again. This time, however, the value of T},, can be calculated for each position.
Figure 36 presents the same surface plot of Fig. 35, with the resulting output of 7},
considering the value of k, highlighted in black.

4.4.2 Aerial transport

Figure 37 presents the gripper in its closed state. The yellow circle concentric
to joint f represents the solenoid that keeps the mechanism from moving. In order to
simplify to process, it is considered that the UAV is hovering while carrying the load.
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Figure 35 — Behavior of 7;_ in function of 7,. and y,.
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Figure 36 — Behavior of 7;_ considering the value of k.
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Therefore, the effort supported by the coupler’s shaft, represented as Fj,.4 in Fig. 37 is

equal to the load intensity and is distributed evenly to the fingers.

Since this analysis aims to evaluate the maximum loads imposed on the links, the
load will be considered the UAV’s maximum takeoff weight. The DJI Spreading Wings
S900 specifications sheet states that the maximum takeoff weight is 8.2k¢. The value of



Chapter 4. Development of a UAV gripping device 67

Figure 37 — Gripper’s load representation for aerial transport.

T F load

Source: Own author.

F..q can be obtained through Newton’s second law, which results in Fj,,; = 80.442N.

Following the same methodology implemented for the dimensional optimization
and static analysis for the closing motion, this analysis is performed considering a single
finger. It is also considered that the intensity of F},.., is evenly distributed to all fingers.

Figure 38a presents the topology adopted for this analysis. Instead of considering
the carried load, this model considers the force Fr;, equivalent to 1 F,.q. Since the
solenoid connects joint f to the fixed link, a new loop is created, as presented in Fig.
38b.

Analyzing Fig. 38, it can be seen that the torsion spring torque pushes the
mechanism to an open position, generating an upward force in f through link 6. The
solenoid compensates for this upward force, locking the mechanism in place. Therefore,
it can be concluded that the force produced in f by the torsion spring does not contribute
to the load in link 5 due to the solenoid absorbing it entirely. A similar effect occurs with
link 5. The force Fg; produces an upward force in f through link 5, which is also
absorbed by the solenoid. As a result, the force Fj; does not contribute to the load
on link 6 due to the solenoid. As a result, the static analysis for the aerial transport
scenario can be performed without considering link 6. However, the load acting on link
6 can be determined separately through a single-body diagram. Figure 39 presents the
resulting graphs with the respective chords, branches, external loads, and cuts.

From Fig. 39, it is possible to create the cutset matrix @ following the procedure
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Figure 38 — Evaluated configuration for aerial transport.
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described in Section 3.4.2, which resulted in a 4 x 13 matrix, presented in Appendix B.
The wrenches resulted in Eq. 46, Eqg. 47, and Eq. 48.

—Ya 1 —Yp  Tp —Ye Zel| T
F, F. F,.
Sa: 1 0 N :$b: 1 0 be :$c: 1 0 ’ ’ (46)
TCL», Fb Fc,
0 0 : 0 1 ’ 0 1]-"
—Yg Tg Ye Te —Ysol msol_ r
T JpeI F‘soI
Sa=|1 o[ ™].$.=|1 o0 Sw=1] 1 0 ", (47)
Fd, Fg, sol,
0 1 v 0 1 v 0 1| b
Spe, = | 0 [w] (48)
1

The unit action matrix Ap is assembled following the order of Eq. 49, and the
action magnitude vector ¥ is assembled according to Eg. 50. The network action
matrix Ax was assembled through Eq. 23 and resulted in a 12 x 13 matrix, presented
in Appendix B. I, is a primary variable, which leads to the conclusion that the system
of equations is well defined.

Ap=|$4 $. S % S Siu Sp, | (49)

‘I’:[de Fd-‘g Fem Fey FQI Taz FbI Fby

(50)
FCI Fcy Fsoll Fsoly FEL]T
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Figure 39 — Gripper’s graph representation with every cut for aerial transport.
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Unlike the landing motion analysis, where the static analysis was performed
for a set of discretized positions, the statics of the mechanism for aerial transport is
performed only for the closed position. Table 4 presents the results of the static analysis
for aerial transport and the maximum intensities obtained in Section 4.4.1.

4.5 CHAPTER OVERVIEW

This chapter presented the development of the coupling device. First, Section
4.1 presented the required and desired characteristics of the final mechanism. Next,
Section 4.2 described how the kinematic chain was selected and how the kinematic
pairs were defined to achieve the new topology. Section 4.3 developed a mathematical
model that represents the new mechanism. This mathematical model was used to
optimize the links’ dimensions through an evolutionary algorithm process. Finally, the



Chapter 4. Development of a UAV gripping device 70

Table 4 — Static analysis results for aerial transport and maximum values for landing
motion.

joints: a b c d e f g
Landing motion

F, [N] 5.91 5.49 549 549 080 080 0.80

F, [N] - 9.81 9.81 9.81 9.80 980 9.80

Y

T. [Nmm] -98.10 -416.60 - - - - 20.00
Aerial transport
F, [N] -25.64 29.19 29.19 29.19 355 -3.55 -
F, [N] - -23.46 -43.57 -43.57 -43.57 4357 -

Y

T, [Nmm] 560.17 - - - - - -
Source: Own author.

optimization results were used to perform the static analysis through Davies method on
Section 4.4.
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5 THICKNESS AND WEIGHT ESTIMATE

Since the developed gripper may be used for aerial transport of packages, the
structure of the mechanism must handle the load without failing. Therefore, this chap-
ter deals with the structural analysis of the gripper's components. At first, Section 5.1
presents a few of the most common materials used in UAVs and aircraft in general.
Section 5.2 describes the method adopted to evaluate the structural integrity of the
mechanism’s components and to estimate each member’s cross-section area. Once
the material is known and the cross-section area is determined, it is possible to estimate
the weight of each component. Section 5.3 describes the static analysis procedure con-
sidering the weight of each link and compares the results with the analysis performed
in Chapter 4. Finally, Section 5.4 presents some final considerations.

5.1 MATERIAL SELECTION

The results presented in Table 4 may be used to estimate the minimum thickness
of the links, so there is no risk of failure during operation. Additionally, the weight of
each link may be determined, so the dimension of the torsion spring can be verified, i.
e., the torsion spring defined in Section 4.4.1 is capable of returning the mechanism
to its initial state. Both dimensions rely on material characteristics and cross-section
dimensions. Even though this section deals with the definition of an estimate to the
cross-section dimension and weight for each link, it does not dismiss the necessity of
structural optimization.

All aircraft must be lightweight. The lighter the structure, the more efficient the
system is, the more extensive range it can cover, the greater payload it can carry (NIU;
NIU, 1988). The same applies to the gripper mechanism. The material selection for the
mechanism’s components must consider the stiffness-to-weight ratio.

Some inspiration to which materials to adopt might be obtained from the most
common ones used in existing UAV frames. The frame gives a drone its shape and
holds all the subsystems in place. Since it serves a mechanical function, strength is
the essential property. Commercial drones are usually built with thermoplastics, such
as variants of nylon, polyester, and polystyrene (SADRAEY, 2017). These options are
popular because of their low manufacturing cost, good strength, and low density. Many
thermoplastics are commercially available in filaments, allowing manufacturing through
3D printing.

There are very few reports of aluminum frames for UAVs, but adopting an alu-
minum alloy may be acceptable since it plays a vital role in aircraft construction. It
has been the preferred choice of metal materials for aerospace applications due to its
lightweight properties, high strength-to-weight ratio, and good formability, which eases
the fabrication process.
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High-end industrial UAVs prioritize performance. In this case, the frames are
generally made of carbon fiber-reinforced composites. Carbon fiber is a polymer made
of carbon atoms bound together with crystals during manufacturing. The fibers are
woven into pliable sheets and are shaped into the design using a mold. Carbon fiber
can be ten times stronger than steel, twice as stiff, and four times lighter.

This work considers the manufacturing of the gripper using three materials:

« ABS: it is a common thermoplastic polymer that provides a good balance of
mechanical properties, outstanding surface finishing capability, good impact resis-
tance, and superior processibility at a low cost (CAMPO, n.d.).

» 6061-T6 aluminum alloy: it is widely employed in the aerospace industry for offer-
ing high mechanical strength at a relatively low density and corrosion resistance
(YANG,; LI; LI, 2014). It has good mechanical properties, is easily workable, and
is often used on landing mats for aircraft, frames, and structural components.

« XC110 Twill 3k prepeg carbon fiber: according to the manufacturer, this carbon
fiber is recommended for both structural and cosmetic applications. This material
has been applied in several projects, such as high-performance drones, profes-
sional bike frames, and other high-precision parts.

Table 5 presents the relevant mechanical properties of the materials adopted.
It can be seen that ABS is much weaker than the aluminum alloy and carbon fiber.
However, since an ABS prototype is much easier to manufacture and less costly than
the other options, it is worth considering it in the analysis.

Table 5 — Mechanical properties of the selected materials.

Property Symbol ABS AL 6061-T6 XC110 Carbon Fiber
density ) [%] 1020.0 2700.0 840
Yield Strength ~ 0yicq [M Pa]  34.5 275.0 521
Young’s Modulus  E [MPa] 2000.0  69000.0 55100.0

Shear Modulus G [M Pal 318.9 25940 -

Source: Own author.

5.2 STRUCTURAL ANALYSIS

The external forces applied to the mechanism, whether during the closing motion
or aerial transport, are transmitted from one point of the rigid body to another. This
transmission of force can be envisioned as a flow or force distribution that can be
further analyzed by inspecting internal surfaces, also known as cross-section areas,
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within the body. To properly dimension the cross-section area of each link, it is essential
to determine the maximum shear and moment acting in each element.

The goal of this structural analysis is only to estimate the thickness of each link.
Therefore, all cross-sections are considered to have a rectangular shape. Table 4 shows
that the forces acting on the joints are much higher when performing aerial transport.
Hence, these forces are considered for dimensioning the cross-section area.

To ensure the structural safety of a mechanical member, the applied load must
be less than the maximum load the member can support. This restriction is advised
for many reasons, mainly to compensate for possible errors in manufacturing or vari-
ability in the materials’ mechanical properties. A commonly used method of specifying
the allowable load for a mechanical member is the factor of safety, defined by Eq.
51. Regulatory bodies demand a minimum safety of factor of 1.5 (ZIPAY; MODLIN;
LARSEN, 2016), while the USAR 3.0, a first European regulation for unmanned air
systems, requires a factor of safety of 1.3 (NEUBAUER; GUNTHER; FULLHAS, 2007).
Therefore, this work adopts a safety of factor of 1.5 as the minimum.

n = Tyield (51)

Tallowed

Figure 40 — Force, Shear and Moment diagrams for link 2.

(a) Force diagram. (b) Shear diagram. (c) Momentum diagram.

Source: Own author.

Figure 40a presents the force diagram for link 2. The distributed load F'z;, repre-
sents the force transmission from the UAV’s coupler to the finger. Figure 40b presents
the resulting shear diagram, while Fig. 40c presents the resulting moment diagram for
link 2. It can be seen that the maximum load occur around joint 4. Although there are
effects from axial stress, it is negligible and will not be considered in this case. The
same occurs on link 6, where The maximum load occur on joint g, as presented by Fig.
41. Therefore, the total stress on joints b and ¢ can be calculated through Eq. 52.
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Figure 41 — Force, Shear and Moment diagrams for link 6.

\ N

(a) Force diagram. (b) Shear diagram. (c) Momentum diagram.

Source: Own author.
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Even though the factor of safety reduces the chance of material failure, the mate-
rial deflection must also be analyzed to guarantee that the mechanism does not deflect
to a point in which it is no longer operable. The deflection analysis is performed using
Castigliano’s theorem. This theorem states that "when forces act on elastic systems
subject to small displacements, the displacement corresponding to any force, in the
direction of the force, is equal to the partial derivative of the total strain energy with
respect to that force" (BUDYNAS; NISBETT, et al., 2011). In mathematical terms, Cas-
tigliano’s theorem is defined by Eq. 53, while the displacement ¢ due to axial, shear, and
bending stresses may be computed directly through Eq. 54, 55 and 56, respectively.

(52)

0 = Opending + Oshear =

5= gg} (53)

Sazial = g—; = f ﬁ (Fgfi;) dx (54)
Suar = 5 = [ (55)
Syending = % _ f Ef} (Mgﬁ ) d (56)

For link 2, a potentially problematic displacement is in the y-axis, at the finger's
tip. If the displacement is large enough, it may cause unwanted detachment. Figure 42a
presents the parameters adopted for applying Castigliano’s theorem. The imaginary
force F; is related to Castigliano’s theorem. More information about it and how it influ-
ences the displacement analysis may be obtained from Budynas, Nisbett, et al. (2011).
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It can be concluded that two equations define the shear stress, one considering only
the effect of the imaginary force F;, and a second one considering the effect of both
F; and Fgr. Equation 57 describes the shear displacement considering both behaviors.
Similarly, there are two moment equations. Equation 58 describes the bending displace-
ment, and finally, the total displacement for link 2 in the y-axis may be computed by Eq.
59.

Figure 42 — Adopted parameters for Castigliano’s theorem.

F
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(a) Castigliano force diagram for link 2. (b) Castigliano force
diagram for link 6.

Source: Own author.

Srs f25iF dr+fm§ ¢ e g, (57)
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(58)
105 1 8(Ff +FELT)
— | (Fiz + Fgyp: . d:
+f20 7 (( x+ Fpro) oF, ) x
OLink2 = OLink2,peay T OLink2pending (59)

According to Budynas, Nisbett, et al. (2011), the contribution of transverse shear
to the deflection decreases as the length-to-height ratio increases, and it may be con-
sidered negligible for thin bodies, i.e., when the length-to-height ratio is higher than 10.
However, the deflection analysis considers the transverse sheatr, since the cross-section
area is still unknown.

It has been defined how to determine the expected displacement for the links
of the mechanism. However, the displacement limit, i.e., how much deformation is
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acceptable for each link so it can still be considered operable is undetermined. The
definition of this limit is only possible after a thorough analysis of the risks involved, such
as unwanted detaching. Since this section’s objective is to estimate the dimensions of
the cross-section areas, a deflection of up to 1% of the link’s length is considered
acceptable.

Figure 43 — Force diagrams for links 3 and 5.

(a) Link 3 force diagram. (b) Link 5 force diagram.

Source: Own author.

Figures 43a and 43b present the reaction forces acting on links 3 and 5, respec-
tively. It can be seen that both links are two-force members, i.e., there are only two
collinear forces acting on each link, with opposite directions. Hence, these links are
only subject to axial stress, given by Eq. 60.

F
Tagial = E (60)

As discussed for link 2, links 3 and 5 are also subject to deflection, which may
also be determined using Castigliano’s theorem. Since they are only under axial stress,
the deflection can be determined using Eq. 54. From Fig. 43a and Fig. 43b, it can be
seen that links 3 is under compression and 5 is under tension. The state of compression
may cause a lateral deflection called buckling. According to Hibbeler (2017), buckling
can lead to a sudden failure. The critical axial load a two-force member can support
without buckling may be calculated by Eq. 61. Rearranging Eq. 61, it is possible to
determine the minimum value for the moment of inertia /. Considering a factor of safety
of 1.5, the relation F.r = 1.5F,,;., may be implemented directly in Eq. 62.
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T El
Fcr - 12

(61)

7 L5E, i L?
mE
Similar to link 2, link 6 is also subject to bending and shear stresses. First, the
reaction forces in joint f were decomposed in an axial force (F,,) and a perpendicular
force to link 6 (F,,), as presented by Fig. 42b. Afterwards, to compute the deflection
follows the same procedure used on link 2. Equations 63 and 64 are used to calculate
the deflection due to shear and bending stresses, respectively.

(62)

Lg c
5Link65hea'r = 0 EFPG dl' (63)
Ls 1 OF,.x
5Link6bendmg :/0 E (prx 8;6 ) dx (64)
Pe

Determining the dimensions of the cross-section area is an iterative task. Equa-
tions 52 and 60 are solved using an initial guess for the cross-section dimensions, so
it is possible to calculate the cross-section area (A) and moment of inertia (7). The
resulting stress is evaluated considering the factor of safety, and the dimensions are
adjusted accordingly. Additionally, the deflections are calculated and evaluated if they
fit the determined criteria. This process resulted in the dimensions presented in Fig.
44. Table 6 presents the stresses and deflections calculated for each link. It can be
seen that, although the factor of safety n is much higher than the minimum value, the
deflection that occurs on link 2 is very close to the designated limit.

Table 6 — Stress and deflections calculated for all links with ABS.

L, Ls Ls L
O aziat|[M Pal - 2.0978 2.9143 -
Oehear[MPa]  0.2784 : i 0.0914
Cpending[ M Pa]  2.9082 - - 1.6000
Ciww[MPa] 31865 2.0978 29143 1.6914
n 10.8268 16.4460 11.8382 20.3974
Saial[Mm)] - 0.1155  0.0680 -
Sehearlmm]  0.0386 - - 0.0050
Sbendingmm]  0.8477 i - 0.0510
Siotat[mm]  0.8862 0.1155 0.0680 0.0561
AS[%) 1059  0.010 0145  0.256

Source: Own author.
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Figure 44 — Cross-section dimensions considering the ABS mechanical properties.
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Source: Own author.

As presented in Table 5, the aluminum alloy and carbon fiber are much stronger
than the ABS. Hence, hollow shafts will be used instead of a solid cross-section to
reduce weight, and the thickness ¢ for each material is dimensioned accordingly. Figure
45 presents the resulting cross-sections for each link considering the aluminum alloy
mechanical properties.

Table 7 presents the stress and deflection calculated considering aluminum
components. Compared to the results of table 6, the stress is much higher due to the
differences in the cross-section areas. The deflections are also much smaller, which
was expected due to the huge difference in the materials Elastic Modulus.

Figure 46 presents the cross-sections determined considering carbon-fiber prop-
erties. Compared to the dimensions for aluminum, in Fig. 45, it can be seen that they
are very similar. The results for stresses and deflections, presented in table 8 are also
very similar due to the similarity of the cross-section areas. The major differences are
the resulting deflections, which the smaller Elastic Modulus can explain.

5.3 STATIC ANALYSIS CONSIDERING THE LINKS’ WEIGHT

The resulting weight of the links that compose the mechanism may influence
the results of the first static analysis. Therefore, two additional analyses are conducted.
The first analysis aims to determine if the torsion spring dimensioned in Section 4.4.1
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Figure 45 — Cross-section dimensions considering Aluminum mechanical properties.
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Source: Own author.

is enough to move the gripper to its original state. Therefore, the same model of the
landing motion analysis is used, but considering W = 0, i.e., the UAV’s weight does
not contribute in this case, and 7,, as an unknown variable. The gravitational effect
of the mass of the components is modeled as external forces being applied on each

Table 7 — Stress and deflections calculated for all links with Aluminum.

L, Ls Ls Le
O aziat| M Pal - 26222 29143 -
Cuhear[MPa]  4.7237 - - 0.0914
Cending|[M Pa]  48.9375 - - 1.600
O [MPa] 53.6612 26222 29143  1.6914
n 5.1247 104.8732 94.3625 162.5882
Savial[mm] - 0.0042  0.0020 -
Oshearlmm]  0.0080 - - 6.16e-5
Svendinglmm]  0.7718 - - 0.0015
Sit|mm] 07798  0.0042  0.0020  0.0015
AS[%] 0931 0003  0.004  0.006

Source: Own author.
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Figure 46 — Cross-section dimensions considering Carbon Fiber mechanical proper-
ties.
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Source: Own author.

Table 8 — Stress and deflections calculated for all links with Carbon Fiber.

Lo L; Ly Lg

O uziat[M Pal - 7.4920 6.2449 -
Oshear [ M Pa]  4.5848 - - 0.1958
Obending| M Pa] 44.8598 - - 2.7429
Tt [MPa) 49.4446 7.4920 6.2449 2.9387

n 10.5371 69.5405 83.4279 177.2897

Oamial [¥M] - 0.0150 0.0053 -
Obending [1TTV1T] 0.8306 - - 0.0040
Ototal [M] 0.8306 0.0150 0.0053 0.0040
AS[%] 0.992 0.013 0.011 0.018

Source: Own author.

link's center of mass, as illustrated in Fig. 47. This way, it is possible to compare the
spring’s minimum requirement to the adopted one. The second analysis is the same
static analysis performed in Section 4.4.1, considering the mass of the components

and analyzing the difference of the results.
Figure 48 presents the gripper’'s graph representation, along with each cut, with
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Table 9 — Weight of the grippers components for each material, measured in grams.

ABS Al 6061-T65 XC 110 Carbon Fiber

L, 53.58 16.00 5.16
Ly 2.88 6.09 0.67
Ly 3543 93.79 29.18
L; 0.76 2.00 0.29
Lg 0.38 0.99 0.14

Source: Own author.

Figure 47 — Links’ weight model applied in the static analysis.

Source: Own author.

the weights of the links and the UAV’s weight as external loads. The wrenches defined
in Eq. 40, 41 and 42 are still valid. The wrenches presented by Eq. 65 and 66 must be
added to unit action matrix A to include the links’ weights effect. Hence, matrix A is
extended to Eq. 67, and the action magnituve vector ¥ is extended to Eq. 68.

Twsy Ty Twy
$w= | 0 [WQ] Sw. = 0 [Wg] S = 0 [V[q] (65)
1 1 1
o o
Su. = | 0 [m] S = | 0 [Wﬁ] (66)

1 1
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Figure 48 — Gripper’s graph representation with every cut.
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Source: Own author.

(67)

$W3 $W4 $W5 $W6]

[$d $e $a $b $c $_f $g $W $W2

Ap =
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‘II:[Fdx de Fex Fey F% Taz Fbw Fby sz
F., F, F;, F; F, F, T, W . (68)
Wo Wy Wi Wi Wel®

The assembly of the network action matrix Ay followed the same procedure
adopted in Section 4.4.1, and is presented in Appendix C. To evaluate the intensity of
the torsion spring, the weight of the drone is set to zero (W = 0), and the torque in joint
g is considered an unknown output.

Figure 49a presents the resulting torques for each material. It also presents
the torque provided by the spring dimensioned in Section 4.4.1. It can be seen that
the current spring is higher than the minimum torque obtained for the mechanism
manufactured with Carbon Fiber. Considering the mechanism produced with ABS, there
is a region in which the minimum torque is higher than the torque produced by the
spring, and for aluminum, the required torque is much higher. Therefore, the previously
designed spring is not suitable for ABS and aluminum. A possible solution for the
mechanism manufactured with ABS is to apply a pretension to the spring, which results
in the behavior presented in Fig. 49b. It should be noted that the parabolic behavior of
the minimum torques presented in Fig. 49 is mainly due to the mass of link 4, which is
considered a solid piece. A better dimensioning through a structural synthesis would
probably decrease this body’s weight and flatten the curve, as it occurs with Carbon
Fiber.

The static analysis performed in Section 4.4.1 was repeated, considering the
effect of the links’ mass and a pre-tensioned torsion spring. In order to compare the
effect of the weight of the links in the static analysis, Fig. 50, Fig. 51 and Fig. 52 present
the reaction forces of each joint along the entire range of motion for the three materials
considered, and without considering the mass of the links.

Table 10 presents the mean error of the reaction forces considering the effect of
the links’ weight of each material compared to the results of the analysis from Section
4.4.1. The comparison graphs of the static analysis results for each material shows that
Py, = F,, = F,,,and F,, = F,,. Therefore, Table 10 includes only the results of F,, and
E,..

5.4 CHAPTER OVERVIEW

This chapter presented the structural analysis of the gripper’s links. Section 5.1
presented a brief overview of the mechanical properties and features of ABS, Aluminum
alloy, and carbon fiber and their applications in UAV and aircraft manufacturing. Section
5.2 performed a structural analysis of each link that composes the gripper. The internal
stress was calculated considering the results obtained from the static analysis, and
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Figure 49 — Minimum torques in joint ¢ for the entire range of motion.
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(b) Pre-loaded torsion spring behavior.

an estimate of the cross-section area was made considering a factor of safety. This
estimate also considered the deflection of each link, determined through Castigliano’s
theorem. Finally, Section 5.3 described the static analysis considering the weight of
each link, and the results were compared to the ones obtained in Chapter 4.
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Table 10 — Mean error and standard deviation of the static analysis results.

ABS Al CF
Mean error  Std Mean error Std Mean error Std
F, [N] 0.2085 0.0161 0.5475 0.0422 0.1656 0.0124
T,[N] -6.1989 0.0380 -16.4057 0.0998  -5.0256 0.0143
F, [N] -0.2109 0.0165 -0.5538  0.0432  -0.1665 0.0126
F,[N] 0.9109  0.0017  1.1616  0.0044  0.3470  6.36e-4
Ty [Nmm] -24.1485 9.0064 -44.4466 5.8105 -13.2086  1.7842
F, [N] -0.0024  7.47e-4  -0.0063 0.0020 -9.09e-4 2.81e-4
F, [N] 0.0095 0.0017 0.0248 0.0044 0.0036 6.36e-4
F,, [IN] 0.0024 7.47e-4 0.0063 0.0020 9.09e-4 2.81e-4
F, [N] 0.0017 0.0017 0.0045 0.0044 6.33e-4  6.36e-4

Source: Own author.



Chapter 5. Thickness and weight estimate

Figure 50 — Comparison of the static analysis results.
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Figure 51 — Comparison of the static analysis results.
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Figure 52 — Comparison of the static analysis results.
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6 SPATIAL MECHANISM

The gripper’s analysis has been explored throughout this work considering a
planar workspace. This chapter explores the spatial analysis of the mechanism. Section
6.1 presents a method to extend the kinematic analysis previously performed on the
planar mechanism to the spatial workspace. Section 6.2 performs the self-alignment
analysis of the gripper, as described in Section 3.5. Section 6.3 performs a new static
analysis, this time considering the spatial workspace. Finally, Section 6.4 draws some
final considerations.

6.1 FINGER DISTRIBUTION

Chapters 4 and 5 presented the development of a single finger. The gripper’s
final topology can be obtained by distributing the required number of fingers around the
centered prismatic joint. Figure 53 presents a tridimensional view of the UAV landing
on top of the gripper. This chapter presents the analysis of the extended mechanism to
a spatial workspace.

The procedure adopted through chapters 4 and 5 considered a single planar
finger. The coordinates calculated in Section 4.3.1 may be expanded to a spatial
workspace through a rotation around the y axis. Therefore, let  be the coordinates of
a random point in space. The rotation of  around the y axis can be calculated through
a rotation matrix, as presented by Eq. 69.

cos(a) 0 sin(a)
T = 0 1 0 x; (69)
—sin(a) 0 cos(a)

This work considers a gripper composed of four fingers equally distributed
around the center prismatic joint. Hence, applying Eq. 69 to all joints results in the
distribution presented by Fig. 54. Although joints e, f, and ¢ are not visible, the same
rule applies.

6.2 SELF-ALIGNMENT

Section 3.5 presented an overview of the self-alignment concept and Reshetov’s
table method. This section aims to determine if the gripper is overconstrained and
adapt it to a self-aligned mechanism. Similar to the grippers synthesis process, the self-
alignment analysis can also be performed on a single finger, and the results extended
to the other members.

The gripper is composed of two loops, abed, and aefg, which are identified in
Fig. 33. The mobility of the mechanism is provided by joint a. Therefore, any loop that
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Figure 53 — Tridimensional view of the UAV landing on top of the spatial gripper.

Source: Own author.

does not include joint a does not have any mobility. Considering that the mechanism
should preserve the self-alignment characteristics when adding an indefinite number
of fingers, joint a will not be considered part of any loop. This way, Reshetov’s method
will result in two loops (one for the finger and one for the locking mechanism) with zero
mobility. Nevertheless, when added to the gripper's mechanism, they will preserve the
self-alignment characteristic of the entire mechanism.

Table 11 presents Reshetov’s table, containing the degrees of freedom provided
by each loop. It can be seen that each loop has three redundant constraints, two
rotational constraints, and a translational constraint, resulting in a total of 6 redundant
constraints. Therefore, to obtain a self-aligning mechanism, it is necessary to replace
some of the gripper’s current joints.

The first evaluated option was to replace all revolute joints with universal joints.
Applying Reshetov’s table, this solution would result in a mechanism free from overcon-
strains, as presented in Table 12. However, the development of this approach through
a CAD software showed that this solution would not be practical due to joints ¢ and f
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Figure 54 — Top view of the spatial distribution.
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Table 11 — Reshetov’s table of the gripper mechanism.

Loop bed Loop efg
R, 0 T, 0(c) R, 0 T. 0(f)
R, 0 T, 0(d) R, 0 T, 0(g)
R. bcd T. 0 R. e¢fyg T. 0

Source: Own author.

angular displacement.

The second attempt was to replace joints ¢ and f with spherical joints, adding
two degrees of freedom to each loop, and joints d and e to universal joints, adding the
last degree of freedom needed for each loop. Table 13 confirms that this configuration
does not result in an overconstrained mechanism. Figure 55 presents the final, self-
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Table 12 — Reshetov’s table of the gripper mechanism using universal joints.

Loop bed Loop efyg
R, ¢ T, 0(c) R, f T, 0(f)
R, bd T, 0(d) R, ey T, 0(g)
R, bcd T. 0(b) R, efyg T. 0 (e)

Source: Own author.

Table 13 — Reshetov’s table of the gripper mechanism using spherical joints.

Loop bed Loop efg
R, ¢ T, 0(b) R, f T. 0(f)
R, cd T, 0(c) R, ef T, 0(9)
R, bcd T. 0(d) R, efyg T. 0(e)

Source: Own author.

aligned gripper. Figure 56a presents a closer look at the universal joint used in joints d
and e, and Fig. 56b a close-up of the spherical joints used in joints ¢ and f. To prevent
a mechanical constraint in joint ¢, there is a gap between links 2 and 3, as presented in
Figure 56c.

6.3 STATIC ANALYSIS OF SELF-ALIGNED MECHANISM

A new static analysis is performed to the final gripper to evaluate if the behavior
of the spatial mechanism is coherent to the results obtained from the planar analysis.
Figure 57 presents the expanded graph representation, along with cut a. Since the other
cuts follow the same pattern used in Sections 4.4.1, 4.4.2, and 5.3, they are omitted
here.

Initially, the static analysis is performed without considering the weight of the
links. From the graph representation, this analysis is composed of 17 cuts and eight
chords. The self-aligned mechanism comprises eight spherical joints, eight universal
joints, eight revolute joints, and a cylindric joint, which results in a hundred constraints
imposed by the joints of the mechanism. Adding the external action of the UAV’s weight,
the four torsion springs, and four output torques in joints b; result in 109 constraints,
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Figure 55 — Tridimensional view of the self-aligned gripper.

Universal Joint

Spherical Joint

Source: Own author.

Figure 56 — Close-up look of the gripper’s universal and spherical joints.

fﬁ !w -

a) Universal joint. b) Spherical joint. Spherlcal joint (top view).

Source: Own author.

which means the cutset matrix @ is a 17 x 105 matrix. Hence, the network action matrix,
Ay, is a 102 x 109 matrix. When considering the weight of the links, there are 17 extra
loads. Hence, the Q matrix is extended to a 17 x 126 matrix, and Ay is extended to a
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Figure 57 — Gripper’s graph representation with every cut for the spatial mechanism.

Source: Own author.

102 x 126 matrix.

Since the torque produced by the torsion springs and the UAV’s weight are
known, this problem has five primary variables. Once the network action matrix is
manipulated according to Eq. 26, the Ay matrix is transformed to a 102 x 104. The
same applies when considering the weight of the links, as all the extra loads are known
variables. This analysis was carried out only for ABS manufactured links. There are
topological differences between the tridimensional self-aligned gripper evaluated in
this section and the planar gripper evaluated in Section 4.4.1, such as the universal
and spherical joints. However, for comparison reasons, the weights considered in this
analysis are the same presented in Table 9.

A problem faced in this analysis is the redundancy of the mechanism’s configu-
ration. Mathematically, the UAV’s weight may be distributed to the fingers in an infinite
number of combinations. Since the static analysis of the planar finger considered an
even distribution of the external load, extra equations may be added to the system of
equations as an attempt to force this even distribution. This is accomplished by speci-
fying that the reaction forces in joints di, d», d; and d, are equivalent, as are ey, e, e3
and e4. The extra equations are presented in Eq. 70. Hence, the network action matrix
is extended to 108 x 104. As the number of lines is greater than the number of columns,
this is an overdetermined system of equations.
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Fyy = Fye =

Fypp = Fygy =

P = B = (70)
Fyy = By =

Fyo = Fye =

Fyy = £y, =0

The results obtained from the tridimensional analysis were compared to the
ones obtained for the planar mechanism. The output torque in joints b, were plotted in
function of the y coordinate of the cylindrical joint a, and compared to the output in joint
b from the planar analysis, which resulted in a perfectly overlapped graph, as presented
in Fig. 58. The same happens for the tridimensional static analysis considering the
weight of the links. Figure 59a presents the results of the output torque in joints b, and
by, and Fig. 59b presents the output torque in joints b3 and b, for both tridimensional
analyses. It is possible to see the similarity of the results on Fig. 59a and Fig. 51b.

Figure 58 — Plot of the output torque in joint &, obtained from the planar static analysis
and tridimensional static analysis.
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Unlike the planar analysis, where the reaction force and torque on joint a vary
along with the closing motion, as presented in Fig. 50a, in the tridimensional case, all
reaction forces and torques are zero for the entire range of motion. Since the mecha-
nism is symmetric, it was expected that the forces acting on joint « would cancel each
other out. The other reaction forces were also compared, and no other differences were
observed.
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Figure 59 — Output torque in joint b; for both tridimensional static analyses.
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6.4 CHAPTER OVERVIEW

This chapter explored the spatial configuration of the gripper mechanism. At first,
Section 6.1 applied a rotation matrix to extend the planar mechanism to the spatial
workspace. Next, Section 6.2 conducted a self-alignment analysis, identifying the re-
dundant constraints present on the gripper. Afterwards, some joints were replaced to
achieve a self-aligning mechanism. Finally, Section 6.3 described the static analysis
performed on the spatial, self-aligned mechanism, which presented results obtained
coherent to the results from the planar mechanism.
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7 FINAL CONSIDERATIONS AND FUTURE WORK

The main objective of this master thesis was to develop a passive gripping device
to be employed with unmanned aerial vehicles and being capable of attaching the UAV
to the payload remotely. This new device might contribute to the fast-growing transport
and logistics sector adopting UAVs.

The growth of the UAV market over the last few years triggered an interest
in the research and development of UAV-related devices. Therefore, the first specific
objective defined in this work was to evaluate the current state-of-the-art technologies
for remote load transport through UAVs. This research allowed a better understanding
of the explored approaches of remote load transport and the main challenges faced
in this area. A survey on the recent developments of UAV docking systems was also
performed, which contributed to the analysis of several geometrical shapes and possible
approaches for connecting the UAV to the payload.

The next specific objective was to develop a new mechanism topology capable of
remotely grasping a load. From the state-of-the-art survey conducted, it was possible to
establish the required and desired requirements of the final mechanism. These charac-
teristics were used to enumerate and select the kinematic chain that best fits the listed
features and define which kinematic pairs should be employed. Afterwards, the new
topology was mathematically modeled through Natural Coordinates, and a dimensional
optimization process using an evolutionary algorithm was carried out. To simplify the
process, this initial development considered a single gripper’s finger, operating on a
planar workspace. Then, multiple fingers would be used to define a spatial, symmetric
gripping device.

Once the new, optimized topology has been achieved, it was possible to perform
the static analysis of the new mechanism. Initially, the study was conducted for the
gripper’s closing motion as the UAV grasps the object, analyzing the reaction forces of
the joints throughout the entire range of motion. Then, a new static analysis was per-
formed considering the aerial transport of a package. Both analyses were implemented
considering the characteristics of a DJI Spreading Wings S900 UAV, such as its max-
imum takeoff-weight capacity and geometrical constraints. The results of the reaction
forces on each joint allowed to estimate the internal stresses of the gripper’s links, and
consequently, to estimate the cross-section area and the weight of the links. Therefore,
new analyses were conducted, considering the weight of the links for three different
materials. This new analysis permitted the comparison of the results and evaluation of
the effect of the link’s weight on the static behavior of the system.

Finally, the gripper was extended to a spatial workspace, and a self-alignment
process was carried out. The resulting self-aligned mechanism was subjected to a
new static analysis, considering the spatial workspace. The results obtained from this
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last analysis were coherent to the results obtained for the planar mechanism, which
indicates that the simplification adopted at the beginning of this work did not affect the
final outcome.

Finally, it can be concluded that the adopted method for developing a UAV grip-
ping device has been successfully implemented. This method must consider the geo-
metric constraints of the UAV, and therefore a specific UAV was selected. However, the
process is replicable for any other aerial vehicle.

7.1 SUGGESTIONS FOR FUTURE WORK

Even though the development presented in this work focused on the gripper
mechanism, further development is still required. Some topics are presented in this
section as suggestions for future work.

* A prototype of the final mechanism should be built to run tests with a real UAV.

» During an aerial transport, some maneuvers may generate dynamic loads. An
evaluation of these dynamic loads and their possible effects should be performed.

 The structural analysis performed in this work was useful to estimate the weight
and the cross-section area of the links, but it does not necessarily represent the
best structural option. Therefore, a structural optimization should be conducted
for this topology.

» The operational safety of load transport through UAVs relies on the stiffness of
the mechanism. Therefore, a stiffness analysis should be performed.

 So far, little attention has been given to the structure fixed to the UAV to accom-
plish the coupling. A structural optimization should be performed for this element
to reduce the overall weight.
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APPENDIX A — LANDING MOTION STATIC ANALYSIS MATRICES
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APPENDIX A. Landing motion static analysis matrices
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APPENDIX B - AERIAL TRANSPORT STATIC ANALYSIS MATRICES
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APPENDIX C — LANDING MOTION STATIC ANALYSIS WITH LINK’S WEIGHT MATRICES
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